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1. INTRODUCTION

Following a series of morphogenetic steps in the anthers of higher
plants, pollen grains are formed, conveying to the next generation male
genetic material. While encased in the sporophytic tissue of the
anther wall, the diploid microspore mother cells (MMC) (also identified
as pollen mother cells, PMC) undergo meiosis (chromosome reduction)
yielding haploid microspores, each of which later undergoes a mitotic
division and differentiates as an autonomous male gametophyte (pollen
grain). There have been numerous studies on the process of meiosis
but only a few on pollen maturation in plants. The relative duration,
however, of each of the arbitrarily chosen steps or stages during a
whole period of microsporogenesis (meiosis and pollen maturation) has
never been reported in maize.

From a cytological standpoint, an understanding of the relative
duration of each stage of the process of microsporogenesis (MSG) would
be desirable. For example, some cytological events of MSG require a
unique amount of time to complete development. The relatively longer
duration of certain stages, perhaps, provide a possible interpretation
of some complex physiological or cytological activities taking place
at certain stages of MSG.

In evolutionary terms, maize originated from a prototype with a
perfect flower and evolved to unisexuality with an aborted pistil in
the staminate floret and three aborted stamens in the pistillate
floret. Each maize tassel sheds approximately 107 haploid pollen

grains and consists of a large number of spikelets, each with two



florets, an upper (U) and lower (L). The three anthers in a floret,
as well as the meiocytes in each of the anthers, are usually synchro-
nous (in the broad sense) in development. The synchrony, however, is
consistent only for a floret, not for a whole spikelet. The upper
flower is more advanced in development than the lower flower of the
same spikelet.

When the tassel is partitioned into designated areas (Fig. 3.1),
usually, the sequential gradient of maturing microsporocytes in the
immature maize tassel follows the same general pattern observed in
pollen shedding of the mature tassel.

These studies were initiated in order to gain an understanding
of the relationship between the developmental sequences of the two
florets of a spikelet. It is this relationship (upper to lower
flower - U:L) of a spikelet and factors affecting it that is being
questioned. 1Is U:L, for example, affected by tassel region, by tassel
maturity or is there a genotype effect? This developmental relation
between two flowers of the same spikelet has thus far never been
reported in plants.

Therefore, developmental and quantitative studies of microsporo-
genesis and anthesis in Zea mays have been undertaken using light
microscopy. The purposes of the investigation are to: 1) divide the
MSG arbitrarily into more intensive stages (28) in order to quantify
microspore development and to establish the relative duration of each

of these stages; 2) measure the intensity of association between upper (U)



and lower (L) flowers of the same spikelets in the development of
microspores among a wide assortment of geﬁotypes; 3) map the develop-
mental sequences of the upper and lower flowers within a tassel in
both MSG and anthesis; 4) determine how the relationship in microspore
development between upper (U) and lower (L) flowers of the same
spikelets is affected by certain factors such as different genotypes,
tassel maturities and spikelet positions; and 5) relate time interval
(U:L) that separate microspore development during MSG with the time
interval (U:L) that separates pollen shedding during anthesis between

flowers of the same spikelet.



2. LITERATURE REVIEW
2.1. The Spikelet of Maize
Like all the other cereals, the corn plant bears its flowers
in spikelets, the characteristic inflorescence type of all grasses.
In corn the spikelets are unisexual, thus making it monoecious.
The following Sections, 2.1.1, 2.1.2 and 2.1.3, are largely
excerpted from Weatherwax (1955) and from Mangelsdorf (1974).

2.1.1. The staminate spikelet and flower

In a normal staminate spikelet of maize (Fig. 2.1), a short
rachilla bears four bracts, the uppermost two of which (the lemmas)
have short flower-bearing branches in their axils. The two lowest
bracts (the glumes) have empty axils as found in most other grasses.
The short branch in the axil of each lemma has - on the side opposite
the lemma - a single bract, the palea, and it is terminated by the
flower. The immature flower is thus enclosed between the lemma and
palea, whose edges overlap (see Fig. 2,1). The relative positions
among the parts of the spikelet are shown in Fig. 2.1.

The individual flower consists of three stamens, two lodicules,
and the rudiment of a pistil (Fig. 2.1). The position of the
lodicules indicates that they represent a whorl of flower parts
outside that formed by the three stamens. These lodicules are
regarded as the remmant of an ancestral perianth present in some
ancilent ancestor. They now function to push back the lemma by
becoming turgid at the time of flowering. This action allows the

anthers to emerge on their slender, elongating filaments (Fig. 3.2).



Fig. 2.1. Section of spikelets (Weatherwax, 1955).
A. Cross section of a staminate spikelet.
B. Longitudinal section of a staminate spikelet.
G, glume; L, lemma; Lod, lodicule; P, palea;
Pi, aborted pistil of staminate splkelet;
St, stamen.

Fig. 2.2, A pair of staminate spikelets (Weatherwax, 1953).
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2.1.2. The male inflorescence

The spikelets in maize are disposed in pairs on the framework
of the inflorescence. Therefore, the unit of structure is the pair
of spikelets (Fig. 2.2) and as such it is, morphologically, a condensed
branch bearing two spikelets. The terminal inflorescence, the tassel,
usually bears only spikelets in long raceme consisting of a relatively
thick central "spike" and a number of slender lateral branches in
a lower position (Fig. 3.1), some of which branch again. The spikelets
occur in pairs, one member of each pair being sessile, without a stalk,
and the other pedicellate, or borne on a pedicel (Fig. 2.2). On tae
terminal portion of the lateral branches, the pairs of spikelets
are arranged in two rows along the dorsal side, thus bearing four
rows of spikelets. In the upper part of the central axis of the
tassel, the pairs are arranged in two or more rows, so that the
structure bears four or often more than four rows of spikelets.

2.1.3. The pistillate spikelet and inflorescence

The lateral inflorescence in modern corn usually bears only
female spikelets. Like the male spikelets of the tassel, they occur
in pairs, both members of the pair being sessile. One, however, is
potentially pedicellate and may become so in certain circumstances.
Also, like the male spikelets, each female spikelet has two flowers,
although normally only one of these develop. The other, the lower
of the two, remains rudimentary except in the sweet corn variety,
Country Gentleman [see Fig. 2.3]. Each female flower contains a

single ovary terminated by a long style (or stigma), silk.



2.1.4. Evolution of some members of the grass family

The particular mode of branching in vegetative and reproductive
shoots is characteristic of the grasses. In the vegetative shoot,
the characteristic "tillering" appears, while in the inflorescence
it produces a branched system of a complicated type, in which each
ultimate member terminates in a small partial inflorescence - the
spikelet (Arber, 1934).

Early in the evolutionary history of the grass family, the major
groupings or tribes became separated from each other, partly through
adaptation to different climatic zones, and partly through the
establishment of subtle differences in anatomy and in the structure
of the reproductive parts. The later evolution of most of the tribes
consisted largely of reduc;ion and simplification of the parts of
the inflorescence. For each spikelet, reduction in the number of
florets is a general trend. In the floret, the general trend of
reduction concludes the reduction of lodicules from three to two; of
stamens reduction from six to three; and of stigmas reduction from
three to two took place in nearly every radiating line (Stebbins,
1956; Stebbins, 1972).

There are two subfamilies, Pooideae and Panicoideae, within
the family Gramineae. One of the main features distinguishing these
subdivisions is that, in the Pooideae, the upper flowers of the
spikelet have a tendency to be rudimentary, while, in the Panicoideae,
there i1s a tendency to imperfection in the lower flower, as in Zea mays

(Arber, 1934). The Pooideae consist of the bamboos and a series of



other tribes. The Panicoideae include the Andropogoneae, the Maydeae

and other similar tribes. The tribe Maydeae is distinguished from

the Andropogoneae by the separation of the male and female inflores-

cences on the same plant, as in Zea including both corn and
teosinte (Reeves and Mangelsdorf, 1942) or by the male and female
spikelets on the same inflorescence, as in Tripsacum (Arber,
1934).

According to Stebbins (1972), all of the modern tribes of
grasses are specialized in one way or another. With respect to
reproductive characteristics, the bamboos are the least specialized
of the living grasses. This lack of specialization has led some
botanists, such as Bews, 1929 and Prat, 1936, as cited by Stebbins
(1972), to regard the tribe Bambuseae as primitive and similar to
a common ancestor of all modern grasses. In the tribe Bambuseae,
the spikelet, with 2 to several perfect flowers, are arranged in
panicles or racemes (Hitchcock, 1950).

The spikelets of maize, like those of its nearest relatives

in the tribes Tripsaceae, Paniceae, and Andropogoneae are structurally

two-flowered. The primordia of the two flowers appear in early stages
of development of the spikelet, but the subsequent abortion of parts
gives rise to various types of mature spikelets in the different
genera or even in different inflorescences of the same individual of
the two flowers in a spikelet (Weatherwax, 1925). Abortion of the
lower flower in the pistillate spikelet is an example of the general

trend of evolution in the reduction of the number of the florets per
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Spikélet. Both florets in the staminate spikelet are functional.
The reduction or abortion of the other reproductive organs in Z. mays
will be covered in the following section.

2.1.5. What were the primitive flowers of maize like?

The male and female flowers of maize are potentially hemaphroditic.
This has been demonstrated by several investigators. Montgomery's
(1906) brief article entitled, "What is an Ear of Corn", gave some
observations on the occurrence of hermaphrodite flowers in maize.
In a later article (1911) he presented evidence of the perfect flowers
in Boone County White Corn. There were three well-developed stamens
on the anterior side of a kernel. On the anterior side of a kernel
were three rudimentary stamens, remnants of the abortive flower.

Weatherwax (1916) was the first one to describe the rudimentary
pistil, a very inconspicuous body, in a male flower. He also observed
iwo flowers in the pistillate spikelet, but believed the whole lower
flower and the stamens of the upper flower to be aborted. The most
extensive and intensive work on the developmental morphology of
the inflorescence in maize has been done by Bonnett (1940, 1953,
1966). In his microphotograph, he was able to demonstrate that in
the flowers of both the ear and tassel, three stamens and a pistil
are initiated, but the pistil aborts in the tassel and the stamens
abort in the ear (Fig. 2.3). Thus the tassel functions as a staminate
and the ear as a pistillate inflorescence. Weatherwax (1917)
indicated that the aborted stamen of the functional female flower

produces microspore mother cells before it begins to decline, and
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the aborted pistil of the male flower may produce a megaspore mother
cell. The organs of the aborted flower of the female spikelet or
pistillate spikelet do not produce spore mother cells. Therefore,
suppression begins at about the time of the differentiation of the
spore mother cells in the functional organs. The fact that every
flower of each sex contains either rudimentary or functional elements
of the opposite sex is quite indicative of primitive hermaphroditism
(Weatherwax, 1916).

In the male spikelet both flowers are functional. In the female
spikelet, however, usually only the upper flower is functiomal. An
exception was observed in 1914 by Weatherwax (1916) who noted that
in the variety of sweet corn known as Country Gentleman both flowers
of the female spikelet are functional. According to Huelsen (1954),
the double-floret condition of the female spikelet depends upon the
combined effect of two independent recessive genes. He suggested that
the condition arose from the chance crossing of two normal, single
floret stocks, each bearing a different one of the necessary recessives
for the double floret condition. The double-floret of Country
Gentleman served as the example cited by Galinat (1971) who indicated
that elaborate structures are frequently reduced to their original
ancestral condition under certain conditions. Therefore, the above-
mentioned rudimentary stamens and pistil of the spikelets and the
development of a normal caryopsis from the lower flower of every
female spikelet of Country Gentleman sweet corn provide a clue to

evolutionary changes (Montgomery, 1906; Weatherwax, 1916).
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The spikelets of all varieties of maize begin to form two perfect
flowers, and monoecism is caused by the suppression of some part or
parts of all the flowers (Weatherwax, 1917). The entire lower flower
of the ear spikelet is suppressed, except in a few varieties, and
ordinarily, only one fruit develops.

On the basis of assorted diverse evidence, Ohno (1970) suggested
that changes in morphogenesis occur in gene evolution. According
to Ohno (1970), the structural loci for a character may have evolved
from a common ancestral cistron (old gene) by a series of gene
duplications. This series of duplications of structural genes
appears to have been accompanied by a concordant series of regulatory
gene duplications. In ontogenic development, it is possible that
a group of functionally divergent structural genes is placed under

the control of a simple regulatory gene, because the structural genes

are endowed with nearly identical receptors., For a structural cistron -

to be regulated, it has to be accompanied by a stretch of DNA base
sequence which serves as the receptor.

When gene duplication is followed by the development of the
differential genetic regulatory mechanism, the duplicated gene
eventually becomes the isozyme genes. These functionally divergent
duplicated genes still specify the same enzyme in that their products
act upon the same substrate with the help of the same coenzyme. Gene
duplication events were followed by the acquisition of the first
forbidden mutation by one of the duplicated genes, The forbidden

mutation is defined because the mutation has been forbidden to
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accompany the process of speciation. Since the genome still contains
one functional gene for a particular function, the production of a
useless polypeptide chain by a mutated duplicate has now become the
redundant gene locus. Natural selection would ignore the redundant
locus, and thus it is free to accumulate a series of forbidden
mutations, aided by intragenic recombination. As a result, the
polypeptide chain specified by the redundant locus might finally acquire
a function which is quite different from that assigned to the original
gene. In such a way, a series of new genes with previously non-
existent functions must have emerged during evolution.
Observation of this change in morphogenesis occurring in gene
evolution has led Peterson (1973) to suggest that the monoeciousness
of Zea mays arose from gene repression. The potential for female
flower development is present in developing tassels, but such develop-
ment is normally repressed.
The above paragraphs have emphasized the following three points:
1) The primitive maize flower was probably hemaphroditic
with two perfect florets borne in a spikelet.

2) The reduction or abortion of some part of the organ within
a floret or parts of all flowers in the spikelet of maize
constitute a general trend of natural evolution.

3) The reduction or abortion of the stamens in the ear and the

pistil in the tassel results in unisexuality of Z. mays

caused by gene repression.
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The homology of the ear and tassel in Zea mays has been the
object of some attention by many investigators. Montgomery's (1906)
study of the evolution of the maize ear indicated that the ear and
tassel show a close structural analogy between the ear and the
central spike of the tassel. Tassels are often found with only a
few pistillate flowers on the central spike, yet others are known
to have more and more such flowers, up to a point at which a fair-
sized ear develops. Montgomery (1906) has found strong evidence in
support of the theory that the ear developed from the central spike
of the tassel borne on a lateral branch of a plant, with the other
branches of this tassel becoming abortive. Weatherwax (1916)
reported that it is very probable that the ear developed from a
primitive bisexual inflorescence, which had a structural similarity
to that of the male inflorescence of the plant at the present time.

Bonnett (1940, 1953, 1966) illustrated with microphotographs
(Fig. 2.3) the early stages of the initiation and differentiation
of the primodia of the tassel and ear. In the earliest stage of
their development, the male and female iInflorescences are essentiaily
alike in the initials that they produce and in the initiation and
development of the primordia of these initials. For example, the
primordia of the long branches of the tassel and the spikelet~forming
branches are initiated in the same way and resemble each other in
the early stage of their development, Suppression could account for

the lack of elongation of the spikelet-forming branches. However, the

differences between the mature tassel and ear do not appear to be the



Figure 2.3. Development of spikelets (Bomnett, 1953).

A. A pair of pistillate splkelets. As indicated by
glume development the lateral spikelet (right) is
not as far advanced as its mate. X55.

B. Pistillate spikelets of Country Gentleman sweet
corn. Both flowers of the spikelet are functional,
but the upper flower develops more rapidly. Stamen
primordia are initiated in pistillate spikelets.
X55.

C. Flowers of a spikelet from a tassel, glumes removed.
The upper flower is the most advanced. Both flowers
develop functional stamens. The pistil is initiated
but aborts. X38.

D. Early stage in the development of the carpel of a
pistillate spikelet. At this stage the carpel
primordium resembles a leaf primordium. X40.

E. Another view of a carpel primordium of a pistillate
spikelet, glumes removed. Note the rudimentary
stamen and the functional ovule, which is partly
enclosed by the carpel primordium. X55.

F. An adaxial view of a pair of pistillate spikelets.
The biparted tip of the style is beginning to
develop. X55.

G. Adaxial view of two spikelets. The ovule can be seen
in the opening that partly closes forming the
stylar canal. X40. :

H. Pistillate spikelet, glumes removed, of Country
Gentleman sweet corn. Both flowers develop functional
pistils, but the upper flower is much more advanced
in its development., The carpel is developing on the
pistil of the lower flower. In the upper flower the
well-formed stamens abort. The outer integument can
be seen as a ridge around the ovule. X65.

I. Staminate spikelets. Both flowers of a spikelet
develop functional stamens. X40.

an = anther g = glume
¢ = carpel ov = ovule

fll = upper flower p = pistil

fl2 = lower flower 8 = silk
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result of differences in the basic characteristics of the main axes
or in the kinds of lateral organs arising from them. Any lack of
similarity between the mature tassel and ear seems to result from
differences in their patterns of differentiation (Bonnett, 1953).

He310p-Harrison (1961), in a study of floral morphogenesis
of maize, reported that there was no feature of the basic structural
organization of the cob which was not also present in the central
axis of the tassel. The differences which were so striking in the
mature inflorescence evidently arose through the establishment
of different growth patterns in the axis after the commitment of the
flower primordia. Heslop-Harrison (1961) also indicated that
monoecism of Zea mays was readily modified by photoperiod, temperature
and auxin. He found a striking effect of short days (8 hrs.) and
cold night temperatures (10°C) in inducing the development of the
gynoecial primordia in the flower which would otherwise be wholly
staminate. On long days (21-22 hrs.) with warm nights (22°c), sex
expression in the tassel is normal.

Floral morphogenesis has also been modified by auxin treatment
(NAA) (Heslop~Harrison, 1959). The effect is consistent in that it
results in a shift in the balance of sex expression toward femaleness
when the auxin levels in the neighborhood of developing flower pri-
mordia are artificially raised in monoclinous flowers by the promo-
tion of the gynoecium and the suppression of the androecium. Under
normal environmental conditions the conditions are such that cause

the activation of the gynoecium and the suppression of the androecium
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in the lateral or female inflorescence and promote the development
of the androecium and suppress that of gynoecium in the terminal
inflorescence. It is this balance of growth between the two classes
of organs which is affected by short days, low temperatures or |
auxin administration.

The above paragraphs reveal two key points: first, the ear
is homologous to the central tassel from both the ontogenetic and
morphological points of view; and second, the sex expression of
Zea mays is readily modified by environmental factors and auxin.
These points may imply that both the tassel and the ear have a
common origin in ontogeny. The patterns of differentiation in both
male and female inflorescences are probably under the same genetic
control as a result of gene evolution. The gene systems are
activated or deactivated through hormonal control and are readily
modified by environmental factors, thereby governing morphogenesis
(Heslop~Harrison, 1961). Since the sexual expression is readily
altered by environmental factors, it is possible that it is controlled
by a group of genes (polygenes), each contributing a minor effect
on this trait.

Arber (1934) indicated that the androgynous inflorescence of
maize is less specialized than is the unisexuél reproductive shoot
and may perhaps be regarded as showing "juvenile" characteristics.
The androgynous inflorescence, however, may be regarded as more
specialized than the perfect grass flower.

We are provided with clues in the development of a model of
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the primitive maize flower from the following facts. 1) The maize
floret in the ear and the tassel is potentially hermaphroditic.
2) The reduction or abortion of some parts of floral sturcture is
a general trend of evolution and is caused by gene suppression.
3) The ear and tassel are homologous in their origin. 4) The
androgynous inflorescence occurs in maize quite often under certain
environmental conditions. It may be that the primitive flower is
a two-perfect-flowered spikelet borne on the terminal inflorescence.
During the course of evolution, specialization of the reproductive
shoot occurs, and the terminal inflorescence diversified into an
androgynous inflorescence first and then advances into unisexual
inflorescence. This course of evolution is probably accompanied
simultaneously by gene evolution, as suggested by Peterson (1973).
2,2, Microsporogenesis (MSG)

2.2.1. General aspects

In a technical sense, the term "microsporogenesis" (MSG)
encompasses only those events in the anther leading to the formation
of haploid microspores (Christensen, 1972). The term, however, as
used by Horner and Lersten (1971) incorporates those later stages
of microspore development including microspore mitosis and pollen
differentiation until the time of anther dehiscence. A recent
review of anther development (Vasil, 1967) provides the following
general aspects of MSG.

A typical anther is comprised of four elongated microsporoangia

and is attached to the floral receptacle by a thin, elongated,



20

cylindrical filament. Each half of the anther contains two micro-
sporangia which become confluent at maturity, as a result of the
breaking of the partition between them. A cross-section of a very
young anther prior to the onset of melosis shows a mass of homogeneous
meristematic cells bounded by an epidermis. It soon becomes slightly
four-lobed, and a row of hypodermal cells differentiates into the
archesporium. The archesporial cells divided periclinally to form
a primary parietal layer towards the outside and a primary sporo-
genous layer towards the inside. The cells of the primary parietal
layer divide by anticlinal and periclinal walls that eventually give
rise to a series of three to five concentric layers comprising a
single~layered endothecium next to the epidermis, one to three middle
layers, and a generally single~layered tapetum. The primary sporo-
genous cells either function directly as pollen (or microspore)
mother cells (P.M.C.'s) or undergo further mitotic division to form
a large number of sporogenous cells. Each P.M.C. rounds up prior
to meiosis and is enveloped by a callose wall. Melosis proceeds
through the tetrad stage, at the end of which each microspore is
isolated by callose. The four microspores of a tetrad are released
by the breakdown of the callose wall.

Before callose dissolution, microspore wall development is
initiated, and the thick, specles-specific, ornately sculptured
wall continues to form after microspore release. Each microspore
becomes vacuolate and expands greatly in volume., After further
development of the microspore, the haploid nucleus divides mitotically,

followed by cytokinesis, to form the generative and vegetative (tube)
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cells of the pollen grain. Following a period of maturation, there
is a further division of the generative cell to form two sperm, and
the pollen is released by anther dehiscence (Christensen, 1972).

The central core of sporogenous tissue in the anther is surrounded
by the tapetum. The tapetum is usually formed from the parietal
tissue in the anther. However, it has a dual origin and may originate
from a partial sterilization of the sporogenous tissue. Maximum

tapetal development occurs around the tetrad stage, and then the
tapetum subsequently degenerates,

Goebel (1905) recognized two types of tapetal tissue: the
plasmodial and the secretory types. In plasmoidal tap;tum, the cell
wall is broken down; its plasm along with the nuclel wander between
the isolated sporocytes or their daughter gells and is subsequently
used up by the sporocytes. 1In secretion—taﬁetum, the cells remain
until the ripening of the spores which excrete soluble substances
used by the sporocytes and function to supply the sporangium-wall
with plastic material in an available form. Therefore, Goebel (1905)
regarded the tapetal cell only as functional, not morphological; it
functions in a nutritive capacity for the developing pollen since
the tapetum degenerates at the time when the microspores begin to
fi1l with food reserves.

However, this "nurse tissue" viewpoint was not supported by
Moss and Heslop~Harrison (1967) after a cytological study of DNA, RNA,
and protein in the developing maize anther. They noted no net loss

of Feulgen-detectable DNA from the tapetum during meiosis in corn,
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and thus excluded the tapetal nuclei as a reservoir of DNA for
meiocyte use. They indicated that the attribution of the secretary
role to the tapetal cell is not supported by a great deal of direct
evidence, while the suggestion that elaborated materials are trans-
ferred to the developing spores is in large measure assumed rather
than proven. For the three classes of cell constituents (DNA, RNA,
protein), the interrelationship of tapetum and sporogenous tissue
must still be regarded as obscure.

2.2.2. Stages in MSG

2.2,2.1. Identification of grass cytological stages in MSG

There have been numerous light-microscopy studies exploring anther
anatomy and the process of meiosis, although very few electron-
microscopy studies have traced the cellular events accompanying
microspore formation and pollen differentiation. Christensen (1972),

in a study of Sorghum bicolor, described the complete developmental

sequence in the sporogenous tissue which leads to the formation of
mature pollen and correlated these stages with anatomical events
in the tapetum,

Laser and Lersten (1972) classified microsporogenesis into 8
stages: sporogenous mass - microspore mother cell, meiosis I -
meiosis II, tetrad, early non-vacuolate microspore, vacuolate micro-
spore, vacuolate pollen, engorged binucleate pollen, and tri-nucleate
pollen. Christensen (1972) divided the process of microsporogenesis
in Sorghum into ten developmental stages based on sporogenous tissue

differentiation: sporogenous mass, meiosis I, dyad, early tetrad,
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late tetrad, early vacuolate microspore, mid-vacuolate microspore,

late vacuolate microspore, vacuolate pollen, and engorged pollen.
For purpose of quantitative studies, the author has divided

the process of microsporogenesis in maize into 28 steps or stages.

Thirteen of these are included in meiosis with the remaining

15 steps in pollen maturation. In that Zea mays is closely related

to the Andropogoneae in taxonomy and the staminate spikelet of maize

is similar to Sorghum except the latter is a perfect flower, it is
appropriate here to give a brief description of the developmental
sequence of the anther in Sorghum, based on both light and electron
microscopy (EM) studies provided by Christensen (1972). The figures
in parentheses represent the code number of each of the 28 stages in
this study. The diagram of microsporogenesis in Sorghum adopted from
Christensen (1972) is given in Figure 2.4. A description of the 10
stages 1s as follows:
Sporogenous mass:

The very young anther consists of four microsporangia connected
to the stamen filament by connective tissue (Fig. 2.4). A solid
mass of sporogenous cells occupies the center of each microsporangium
at the earliest observed stage. The surrounding microsporangium wall
consists of a uniseriate tapetum, two parietal layers and an epidermis
(Fig. 2.4). Callose is initially deposited into the center of the
sporogenous mass of cells,
Meiosis 1 stage (1-8):

Elongation and radial expansion of the anther causes the pollen

mother cells (PMC) to separate from each other in the center of the



Fig. 2.4. Summary diagram of microsporogenesis in Sorghum. Anther
in cross section showing each locule in a different
stage of development; drawn to approximately same scale.

Locule 1. Late sporogenous mass stage.

Locule 2, Tetrad stage.

Locule 3. Late vacuolate microspore stage.

Locule 4. Engorged pollen stage.
Surrounding stages of pollen development are all drawn
to same scale; approximately 3 X anther scale (adopted
from Christensen, 1972),
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locule (Fig. 2.4). During meiotic prophase, the single nucleus in
each tapetal cell divides mitotically without subsequent cytokinesis
to form binucleate cells. This binucleate condition persists through
all the stages of tapetal development until the tapetum degenerates
in the vacuolate pollen stage.

Sporocytes in prophase I are not yet isolated from the tapetum
by callose. Large cytoplasmic channels between sporocytes are
apparent at the EM level. By metaphase I, callose has formed a
complete wall around each sporocyte. The telophase I cell plate and
the subsequent callose partition form in a plane perpendicular to the
subtending tapetal surface so that each cell of a dyad remains
adjacent to the tapetal surface.

Dyad (9) and early tetrad stage (10-13):

After a brief interphase, melosis II proceeds normally and
isobilateral tetrads result from the cytokinesis. Dyads appress to
the tapetum and the thick callose in the center of the locule.
Further, anther enlargement causes the intact dyads and tetrads to
separate from each other, although they remain peripheral in the
locule. Each microspore of a tetrad remains appressed to the tapetum,
yet separate from it by the thinnest region of the persistent
asymmetric callose wall.

Late tetrad stage (tetrad - mic. 0.5):

The main feature of this stage is the addition of the primexine

between the microspore plasmalemma and the surrounding callose wall;

this is visible only under EM magnification. The callose surrounding
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the tetrad becomes less distinct, and the microspores begin to lose
the flat faces where they abut the other three microspores of the
tetrad.

Early vacuolate microspore stage (mic. 1.0 - mic. 1.5):

As the microspores are released from the tetrad following callose
dissolution, they are often waxy in outline and contain many small
vacuoles. They round up, expand slightly in volume, and acquire a
distinct wall. Each microspore nucleus contains a conspicuously
large nucleolus and numerous smaller dark staining bodies, interpreted
as condensed chromatin, at its periphery.

Mid vacuolate microspore stage (mic. 2.0 - mic. 3.0):

The many small microspore vacuoles coalesce into fewer larger
vacuoles, and the microspores expand further. Microspores are
arranged in a single peripheral layer in the locule. The nucleus is
displaced from its central position to a peripheral position opposite
the pore. The microspore exine thickens to nearly its final size,
and the orbicular wall is now evident on the inner tangential surface
of the tapetum.

Late vacuolate microspore stage (mic. 3.5):

In this stage, numerous vacuoles coalesce into one large vacuole,
which £ills the microspore except for a thin peripheral layer of the
cytoplasm. At this stage, the microspores continue to be appressed
to the tapetum and now are nestled into depressions of the tapetal
surface, The single microspore pore is invariably oriented toward
the tapetum and the single nucleus, within its conspicuous nucleolus,

lies at the opposite end of the microspore. The close association
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of the sporogenous cells with the tapetum continues at this stage.
Vacuolate pollen stage (mic. 4.0):

The single microspore nucleus, while still located in the
peripheral cytoplasm opposite the pore, undergoes mitosis to form the
generative and vegetative (tube) nuclei. At cytokinesis, most of
the cytoplasm, as well as the single large vacuole, is incorporated
into the vegetative cell. Only a small amount of cytoplasm is
enclosed in the generative cell which forms directly opposite the pole.
The vegetative nucleus lies adjacent to the generative cell for a
brief time but soon migrates toward the pore and assumes a position
near or directly beneath it. At this stage, the vegetative nucleus
is large, containing a prominent large nucleolus, while the generative
nucleus and nucleolus are both much smaller.

Engorging pollen stage (mic. 4.5 -~ mic. 6.0):

The generative cell rounds up and protrudes into the large
vacuole. The generative cell migrates to a position adjacent to the
vegetative nucleus, near the pore, just at the outset of starch
accumulation in the pollen grain. Starch accumulates most rapidly in
the cytoplasm near the pore and progressively fills the pollen grain
in a polar fashion; the region near the pore is engorged first, and
the vacuole is retained against the opposite end. As more starch
accumulates, the vacuole progressively diminishes in size until it
is no longer present and the pollen grain is completely engorged.
Starch deposition precludes observation of the nuclei in pollen whole-

mounts; however sections reveal that the vegetative nucleus, which
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is sometimes lobed, assumes a near-central position in each grain.
The generative cell remains near the vegetative nucleus and divides
when engorgement is half complete (mic. 5.8), thus producing two
sperm cells.

2.2,2.2. Identification of meiotic stages The essential

process of meiosis is pairing, crossing over, and reduction in
chromosome numbers. In addition to providing a mechanism for pre-
cisely reducing the chromosome number to the haploid value in
gametes, meiosis also represents an adaptation for generating
variability among the products of the division cycle which occur
from crossing over or recombination of segments between the two
homologous chromosomes of each bivalent.

The sporogenous cells increase in number by ordinary mitotic
division up to a specific time, when somatic mitosis comes to an
abrupt end. The stage is set for the transition from mitosis to
meiosis. The cells ready to enter melosis are known as pollen
(microspore) mother cells. Any cell that undergoes meiosis may be
called a meiocyte. A schematized diagram adopted from Rhoades (1950)
is given in Fig. 2.5.

Leptotene:

The onset of leptotene is marked by the first appearance of the
chromosomes as extended, faint threads in the nucleus (Wolfe, 1972).
The transition from premeiotic interphase to meiotic prophase occurs
in the preleptotene stage. As the chromosomes become more condensed,
they appear as coiled threads. The unpaired chromosomes at the early

leptotene stage are at their maximum extension - a condition which
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favors the gene-by-gene pairing beginning at zygotene (Rhoades, 1961).
It has not been ascertained whether the leptotene chromosome is
single (Rhoades, 1950, 1955). Whether single or not, the long and
slender leptotene chromosomes consist of numerous, small but distinct
chromomeres jointed by fine, thread-like connections. In plant
meiocytes the chromosomes may be clumped in a dense tangle of threads
to one side of the nucleus in what is called the "synizetic knot".
Synizesis occurs at leptonema in Lilium but at zygonema in maize
(Rhoades, 1961). The nucleolus found at the beginning of the first
meiotic prophase of maize microsporocytes is a relatively small
spherical structure which gradually increases in size during the
leptotene stage, doubling both its volume and RNA content at some
point between leptotene and zygotene and reaching its maximum size

at mid-pachytene. The increase in nucleolar volume is related to the
synthesis of RNA and proteins. Usually only one nucleolus is present
at leptotene, to which is attached the two nucleolar organizers

at different positions.

Zygotene:

As leptotene progresses, condensation continues with further
shortening and thickening of the chromosome arms. Zygotene begins
when pairing between homologous chromosomes is initiated. The nuclear
complement in diploilds consists of pairs of homologous chromosomes.
One member of each pair is derived from the male parent of the
organism; the other is derived from the female parent. The two

chromosomes of a pair, called homologs, have the same genes in the
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same order along the chromosomes in a linear array, but alternative
forms of the genes (alleles) may be present in either homolog (Wolfe,
1972). At the onset of zygotene, the homologs are brought together
by an unknown mechanism and begin to pair closely at one or more
points. The initial sites of pairing may be located anywhere along
the chromosomes. The two homologs remain separated by a 0.15 to 0.2
micron space (Wolfe, 1972) or by several microns (Rhoades, 1961),
barely visible in the light microscope.

Pachytene:

Zygotene ends at the completion of pairing. The paired homologs,
consisting of four chromatids and known as tetrads or bivalents,
become both shorter and thicker by a progressive increase in the
diameter of their coils., The subdivision of the chromosomes into
chromatids is not visible under the light microscope. The two closely~-
opposed homologs are relationally twisted around one another.
According to Rhoades (1961), this relational coiling plays an essential
role in crossing over. In favorable material each pair of chromosomes
can be recognized at pachytene by their relative total length, the
position of centromere, the distinctive patterns of chromomeres, and
the presence of large heterochromatic bodies (knobs) which occupy
specific positions in the chromosomes.

Diplotene:

The end of pachytene and the onset of diplotene are marked by

a widening of the separation between the pailred chromosomes, sometimes

to the extent that the homologs seem to repel each other (Wolfe, 1972).
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In maize, the homologous centromeres are often found in association
until late diplotene (Rhoades, 1961). The subdivision between
chromatids becomes visible for the first time. Thus, at diplotene
all four chromatids of the tetrad become visible (Wolfe, 1972).

Chiasmata are first evident at diplotene, when the paired
homologs open out to form loops and nodes. Most of the nodes represent
chiasmata, which are believed to arise from previous genetic crossing
over. Some, however, are due to a twisting of the paired chromosomes
(Rhoades, 1950, 1955). There is little terminalization of chiasmata
toward the free ends. Although some bivalents at diakinesis and
metaphase I have proximally located chiasmata, most of them are
concentrated near the distal ends. This is in agreement with the
more frequent occurrence of crossing over in distal regions (Rhoades,
1955).

Diakinesis:

The transition from diplotene to diakinesis is a gradual one,
masked by further contraction and deeper staining. There is no
noticeable change in the nucleolus from pachytene to diakinesis,
although at the end of diakinesis it disappears as the nucleolar
substance enters the chromosomes and contributes to the matrix of
the deep-staining metaphase bivalents (Rhoades, 1955). The chromosomes
reach their greatest prophase contraction in diakinesis, becoming
almost spherical in some cases. As diakinesis progresses, the
chiasmata may move toward the ends of the chromosome arms. This

process, called "terminalization", continues until many of the tetrads
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are held togéther only at the tip of the chromosomes (Wolfe, 1972).
Metaphase It

The beginning of metaphase I of meilosis is signaled by the break-
dowvn of the nuclear membrane. A bipolar spindle is formed, onto which
the bivalents move and become oriented. The time between the
disintegration of the nuclear membrane and the establishment of the
bivalents on the spindle has been called "prometaphase'" (Rhoades, 1961).
At full metaphase, the two homologous centromeres of each tetrad or
bivalent lie in the longitudinal axis of the spindle on opposite si&es
of the equatorial plate.

At the equator of the spindle, the centromeres of each tetrad
make attachments to microtubules of the spindle. Each homolog has
two centromeres corresponding to the two chromatids of the replicated
chromosome. Thus, four centromeres are present in the tetrad (Wolfe,
1972). The two centromeres of one homolog connect to only one pole
of the spindle, while the other homolog of a pair attaches to spindle
microtubules leading to the opposite pole.

Anaphase I:

Separation of each tetrad into two dyad chromosomes takes place
at anaphase I, as the two co-oriented centric regions begin moving to
opposite poles. As the homologs separate, any remaining chiasmata
are pulled apart. A dyad consists of two chromatids, each made up
of two arms thus appearing at anaphase I as a double V if the
chromosome 1s metacentric or a double J if it is acrocentric (Rhoades,

1950, 1955, 1961). The four arms of a dyad do not lie closely
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appressed during anaphase I but diverge as if they were mutually
repelling. In maize, the first meiotic division is reductional for
the centromere regions, Although each dyad has two chromatids, they
remain conjoined until anaphase II. The criterion for reduction is
the number of independent chromosomal bodies at each pole (Rhoades,
1961). At late anaphase I, the matrix material investing the chromo-
nemata swells and appears as a light-staining substance in which the
deeper-staining chromatin can be seen (Rhoades, 1955).

Telophase I:

Once the dyads reach the spindle poles they form a telophasic
nucleus with a nuclear membrane at each pole (Rhoades, 1961). The
four arms of each dyad are so contracted that the dyad consists of
four spherical masses of chromatin. The matrical material from the
various dyads becomes a confluent mass as the dyads are grouped
together at the pole (Rhoades, 1955).

Interphase:

As telophase advances, the nuclear membrane is formed and the
chromosomes elongate -~ presumably by a loosening of the coil - and
gradually assuming the diffuseness characteristic of interphase
chromosomes (Rhoades, 1961). Interphase is of too short a duration
to allow the formation of a typical metabolic nucleus with a single
nucleolus, A cell plate 1s formed between the two telophasic nuclei,
dividing the pollen mother cell into two daughter cells, each with

10 dyad chromosomes (Rhoades, 1955, 1961).
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Prophase II :

At early prophase II, the two chromatids of each dyad appear
as X's since they are conjoined by a common centric region and the
four arms are widely separated. There is no relational coiling. The
chromatid arms become progressively shorter and stain more deeply
in later prophase stages (Rhoades, 1961).

Metaphase II:

Prior to metaphase II, the disappearance of the nuclear
membrane takes place, along with the development of the spindle upon
which the dyads become oriented with their centric regions lying on
the equatorial plate (auto-orientation) (Rhoades, 1961). Each
chromosome, consisting of two chromatids, attaches to both poles of
the spindle.

Anaphase II:

At anaphase II, the two chromatids of each chromosome are separated
and move to opposite poles of the spindle. By the completion of
anaphase II, each pole contains the haploid number of chromatids
(Wolfe, 1972)., The anaphase II chromatids or monads appear as single
V's or J's in contrast to the double V's or J's of the anaphase I
dyads (Rhoades, 1950, 1955).

Telophase II:

At late anaphase 1II the matrical material around each chromosome
is sloughed off, and the ten monads at each pole at telophase II are
connected by this coalescing material. A cell plate arises between

the daughter nuclei, and the second meiotic division is now completed.
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"Each of the four chromatids of the metaphase I tetrad has been
distributed to one of the four haploid spores formed by the two
meiotic divisions.

2.2.3. Synchrony of meiotic stage

Cytoplasmic connections between the male meiocytes of angilosperms
were described by Gates (1908), who observed 'delicate strings or
threads of cytoplasm connecting adjacent mother cells' in species of
Oenothera. Gates (1911) suggested the name "cytomyxis" to describe
an extrusion of chromatin from the nucleus of one mother cell through
cytoplasmic connections into the cytoplasm of an adjacent mother cell.
Movement of nuclear material - now definable as DNA - between
meiocytes has been reported by many authors (Heslop-Harrison, 1966a).
In recognition of the early observations of Gates, the interconnec-
tions were names 'cytomictic channels' instead of 'cytomixis' by
Heslop-Harrison (1966a).

The DNA movement among prophase meiocytes of Lilium has been
studied by S. Takats (1959), who found that transfers occur mostly
during zygotene-pachytene and that the incidence of movement is
increased with wounding. Moreover, when the injury is located, the
direction of DNA movement is polarized toward the site, suggesting
that the whole effect results from wounding.

In several angiosperms investigated, Heslop~Harrison (1966a)
observed that cytoplasmic channels are iﬁitiated in the pre-leptotene
period and persist throughout the meiotic prophase. They disappear

before meiosis II, after which the spores become totally isolated
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within the callose tetrad wall. The channels are mostly cylindrical,
ranging in diameter between 0.5 and 1.5u. These may account for as
much as 24 percent of the interface between neighboring meiocytes.
Heslop-Harrison (1966a) interpreted these channels as important in
allowing the rapid transport of materials between meiocytes and in
determining meiotic synchrony within the locule. These interperta-
tions are based on the fact that the contents of an anther loculus
is effectively a single coenocyte during the meiotic prophase.
Because of the sensitivity of anthers to damage during early develop-
ment, such effects generally lead to complete sterilization. Therefore,
if the functional unit in the locule is the whole mass of mother
cells rather than the individual cell, damage to any part may be
expected to affect all the remainder. This inter-dependence of the
mother cells also explains why attempts to culture isolated meiocytes
from early stages in vitro have been unsuccessful.

When in any tissue adjacent cells assume independent behavior
in differentiation and division, this must be because their nuclei
exert exclusive control within each over their own cytoplasm. The
sharing of a common cytoplasm throughout the anther loculus will act
to negate this kind of independence and to impose co-ordinated
behavior. This suggestion is borne out by the close synchronization
of the events of melosis itself in all the linked spore mother cells.
Even though this synchronization may not be perfect in a large anther
because of slight timing differences between base and apex, the very

existence of smooth gradients of this kind illustrates the extent of
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interaction (Heslop-Harrison, 1966b).

During prophase, meiocyte behavior tends to be synchronous
among neighboring meiocytes. After the total elimination of the
intermeiocyte connections, the behavior becomes progressively less
synchronized. This is followed by the formation of the all-enveloping
callose wall. Just as the earlier cytoplasmic community imposed
independence, so does this new isolation offer cellular autonomy.
Heslop-Harrison (1966b) indicated that the connections are severed
relatively early and that the deviation in the timing of contiguous
meiocytes is apparent as early as metaphase I. Because a callose
wall is formed between the interkinetic nuclei even before the second
meiotic division, they come to lie in independent cytoplasms; thus
the second division may be asynchronous in the two halves of the dyad.
In contrast, in plants such as 'Helleborus, cleavage of the meiocyte
gives a tetrad directly without the intervention of a two-cell stage
and the synchronization is retained throughout the second meiotic
division.

Heslop-Harrison (1968a) observed that in orchid species that
form microspores in aggregates, the pollen mitotic division occurs
synchronously in all cells of each massula, as do the earlier
meiotic divisions. This synchrony can be traced to the persistence
of cytoplasmic connections between the cells, from the meiotic prophase
until pollen maturation. In non-massulate species, however, the

links between the meiocytes are normally eliminated before meiosis II,
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and none is formed at all between the sister spores of a tetrad.
In massulate orchids, however, some of the connections persist, and
the walls formed between the spores are also perforated and accommodate
cytoplasmic strands of dimensions similar to those of the strands
connecting the meiocytes. This observation confirms the synchroniza-
tion of mitoses in the spores of the massulate orchids as a comsequence
of the sharing of a common cytoplasmic matrix.

However, Ito and Stern (1967) successfully cultured in vitro

meiotic cells in Lilium longiflorum explanted at zygotene and then

cultured them through the meiotic cycle. Their findings indicgted
that, if explanted at leptotene, segregation abnormalities arise
while synapsis and crossing over remain normal. They also observed
that under in situ conditions, the suitable varieties tested maintain
a high degree of synchrony up to diakinesis-metaphase. Beyond these
stages, synchrony begins to be lost. One noticeable effect of in
vitro culture on meiotic cells is an accelerated loss of synchronmy.
Taylor (1950) studied the duration of differentiation by dissect-

ing the anthers of Tradescantia paludosa from buds taken at various

stages of development and grown in media. He found that anthers
excised at preleptotene or early leptotene have less developmental
potentiality. However, when those excised at leptotene do reach
metaphase they appear normal. Cells of anthers dissected from buds
at zygotene or pachytene regularly proceed through both divisions of
meiosis. Those excised during the tetrad stage or later sometimes

advance through the stage in which the microspore nucleus divides.
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However, these fail after this division, and in no instance could
mature pollen be obtained. Gregory (1940) suggested that the control
of meiosis is in part from substances reaching the anther from other
parts of the plant; this is supported to the extent that these sub-
stances maintain the gradients necessary for normal meiosis.

The word 'synchrony' should be used as a relative term, instead
of as an indication of absolute simultaneity (Zeuthen, 1964).
Therefore, a stated degree of synchrony indicates that a defined
fractional number of the population is engaged in a particular
activity. Most authors writing on the subject have failed to comment
on the matter of synchrony and rarely publish illustrations of more
than single cells or small groups (Erickson, 1964).

Based on the above facts, it seems necessary to standardize
the term 'synchrony'. The author proposes the term "synchrony in
a narrow sense” to indicate absolute simultaneity or uniformity of
stage and the term "synchrony in a broad sense" to describe the
existence of more than one closely related stage among the meiocytes
or microspores within a loculus or an anther. In a theoretical study,
the former term is useful. The later term, however, may be more
applicable for a practical study.

There is a general impression that in vegetative tissues of
plants, the cells divide at random with no suggestion of synchrony.
In reproductive tissues of plants, on the other hand, there are
striking examples of synchrony (Erickson, 1964). 1In the anthers of

Trillium erectum and Lilium longiflorum, both meiosis of the
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microsporocytes and mitosis of microspores are synchronized and
therefore have been used for a variety of studies in which the
synchrony of meiosis and mitosis have played a role. Erickson
(1964) also indicates that in some plants with numerous stamens,
such as those of the family Ranales, stamens within a single flower
may be at various stages of development. In families with a small
and definite number of stamens in a flower, these may all be in very
nearly the same stage.

In Gasteria each bud has six anthers containing pollen mother
cells in approximately the same stage. In Vicia faba, on the other
hand, uniformity of the meiotic stages was not observed (Marshak,

1935). Steinitz (1944) noticed in Tradescantia that the range of

meiotic stages within a single anther is much narrower than is the
range of stages found within the anthers in a bud. This variation
of synchrony was also observed by Beatty and Beatty (1953) in T.
paludosa. In maize, different stages appear among three anthers of
a floret or within anther (Maguire, 1970). Moss and Heslop-Harrison
(1967) noticed that pollen mother cells in leptotene=~zygotene

are synchronous in Zea mays, while Christensen (1972) observed that
mitosis was almost synchronous within the loculus during the meiosis

I stage in Sorghum bicolor. In a study on developmental variation

in chromosome behavior in rye, Rees and Naylor (1960) cut the anther
along its length transversely into four equal sections - numbered

1, 2, 3 and 4 from base to tip (Fig. 2.6).
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Fig. 2.6. The vascular supply to a rye anther (Rees and Naylor,
1960) .
With respect to the sequence of meiotic divisions in different regions
of the anther, they found that variation in timing is consistent
between anthers; the number 2 region is the most advanced; 4, the
least, and 1 and 3 are intermediate. They considered that the variation
in timing 1s probably influenced by the system of distribution of
nutrients or other substances to the anther during its development.
They indicated that the probable order of supply of nutrients and
other substances to the sections is 2,1 and 3,4 - the order of
increasing distance from the point of entry of the vascular bundle.

Rees and Naylor further indicated that it is not unreasonable to suppose
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that stimulation causing the onset of meiosis, occurring in the same
section order, is provided by a substance diffusing inwards along
the vascular strand.

Neumann (1963), studying the synchronization of meiotic stages
in various species, cut the anther into several sections. He noticed
that the meiotic stages are not synchronous in ggg:ggz_. This
variation may be attributable to the length of the anther. Examination
of 47 maize anthers reveals the distribution of sequence in meiotic
stages among each of four locules of an anther are constituted into
six types. Most stages, however, are located in meiosis II. Most
anthers analyzed fit into type 1, 2 and 3 (Table 2.1). Each anther,
as is shown in each of 3 types, consists of 4 locules.

In general, as shown in Table 2.1, more advanced stages are
located on the middle section or lower than the middle, but higher
than the basal section of the anther, with meiosis progressing
upward and downward. These sequences of the meiotic stages are
similar to that of the rye anther observed by Rees and Naylor (1960).
Perhaps the same interpretation suggested by Rees and Naylor for
the rye anther is applicable to the maize anther.

Bennett (1972) reported on the synchronous development in

archesporial cells in several genotypes of Triticum, Hordeum vulgare

and Secale cereale after premeiotic mitosis and before leptotene.

The degree of asynchrony between pollen mother cells increases after
leptotene, not exceeding + 1 hour in most anthers before the end of

meiosis. A high degree of synchrony within an anther was also found
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Table 2.1. Distribution of melotic stages in the four 1ocglgs of an
?

anther in maize (Adopted from Neumann, 1963)a’
Type 1
1 2 3 4
tip Pro 1I Tel I Int Pro II
Met II1 Int Pro II1 Met I
Met II Pro II Met II Tel TI
base Pro Il Int Pro II Met II
Type 2
1 2 3 4
tip Pro I1 Met II Pro II Pro 1II
Met II An 11
An 11 Tel II Met II Met 1T
Met II1 An 11 Pro I1 Pro I
Int Met II Int Int
base Tell Pro 11 Tel I TelI
Type 3
1 2 3 4
tip Int Int Int Met II
Pro I1 T Pro I1 T Pro 11 An 1I
Met II Met I1 Met 11 Tel II
base Tel IT | Met II Tel II l Tetr |
Pro I Met II

2Columns 1,2,3 and 4 represent the 4 locules of an anther.

berow direction indicates the less advanced stages in the tip
or base of the locule.

Tel = telophase I; Int = interphase; Pro 1I = prophase II; Met II =
metaphase II; An II = anaphase II; Tel II = telophase II;
Tetr = tetrad.
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at microspore mitosis and pollen mitosis. Bennett regards this
synchrony as possibly partially related to the constant environment

in which his experimental material was grown (ZQiloc, with continuous
illumination in the growth chamber). 1In contrast to the findings of
Rees and Naylor (1960) in diploid S. cereale, Bennett (1972) found

that both the basal and the apical anther segments were developmentally
more advanced than was the anther segment adjacent to the median
filament attachment point at first metaphase of meiosis in holdfast
wheat. However, there was basipetal development during microspore
mitosis.

2.2.4. Some environmental factors affecting the development of

microgpores

Beadle's (1932) statement in connection with Zea mays that
'processes of microsporogenesis and pollen development apparently
depend upon easily disturbed physiological condition' indicates the
swing of the pendulum in the direction of envirommental influence.
It is expected that envirommental factors which alter the physiology
of the plant will indirectly produce certain responses which were
once considered subject to genetic control (Howlett, 1936). Some
factors, such as temperature, photoperiod, light intensity, soil
moisture and soil nutrition may have profound effects on the normal
development of microspores. The attacks of gall mites and red spiders
and the ravages of a certain virus disease, as well as needle

punctures and intergeneric grafting, may also disrupt sporogenesis

and development of the male gametophyte as has been shown by Kostoff and
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his associates, 1929, 1930, 1931, 1933 (cited by Howlett, 1936).

The effects of some environmental factors are as follows:
Temperature:

Within the range of suitable temperatures, MSG proceeds normally.
Beyond that range the development of microsporocytes will be
disrupted. Darlington (1940) stated that the time limit for pairing
may be imposed artificially by heat treatment or x-ray. Izhar
(1975) observed that daytime temperatures of 40°¢C and nighttime
temperatures of 15°C were detrimental to MSG in normal, fertile
petunia lines, showing a clear effect on the chromosomes, which
became sticky. The period immediately prior to the onsét of
meiosis (premeiosis II and early prophase) is sensitive to temperature.
Low temperature may severely retard the progress of MSG.

Ekberg and Eriksson (1967) reported that the species of Larix
decidua growing in cold weather (+10% to -15°C), took about two
months for the completion of meiosis., The damage of meiocytes due
to low temperature or frost results in the aggregation of the chromatin
into a single great mass. They also observed that the two species
L. decidua and L. sibirica had 5~6 times higher pollen sterility
during a cold winter than during a warm winter.

Photoperiod:

For normal development of pollen, plants require exposure to
more than the minimal inductive photoperiod. Artschwager (1947) found
that precocious degeneration of both plasmodial and secretory types

of tapetum was associated with sterility in Beta vulgaris. Male
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sterility at various stages of microsporogenesis in Silene pendula L.

(Heslop-Harrison, 1958) occurred under unfavorable photoperiodic
conditions; this condition was always correlated with precocious
. tapetal degeneration. In a study on photoperiod and pollen sterility
in maize, Heslop-Harrison (1968b) found that in comparison with long-
day-grown controls, plants of the cultivar Golden Bantam of Zea
mays, grown in 8-hour days show (a) acceleration of tassel and silk
emergence, (b) fewer tassel branches, (c) greatly reduced pollen
fertility and (d) a tendency to sex reversal in the tassel. He
demonstrated that all these effects should be considered direct or
indirect effects of true photoperiodic reactions and not consequences
of reduced assimilate levels. The photoperiodically-induced sterility
was most often found to occur in the late premeiotic period and the
meiotic prophase, and visually-detectable tapetal malfunction was
observed in the majority of the cases. Therefore, there seems little
doubt that tapetal malfunction is involved in very many cases, both
as a result of environmentally-induced sterility and of genetic
causes. Heslop-Harrison (1968b) also points out that the tapetal
malfunction seems to be due most commonly either to a failure of RNA
synthesis during meiosis or to some form of hypertrophy revealed
either in abnormally high accumulation of cell constituents, princi-
pally RNA and protein, or in excessively expanded growth.

Photoperiod has a striking effect on sugarcane. In order to

match the flowering of Saccharum spontaneum (wild cane) with that of

S. officinareum (noble cane) in a breeding program, Hsu (1970, 1971,
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unpublished) studied the control of inflorescence development in S.
spontaneum by means of photoperiod treatment.

It was found that short-day (12 hr light period) treatment
accelerates the inflorescence emergence and anthesis for 73.1 days
as compared to the control, with a range of 51 days to 119 days for

9 clones to Saccharum spontaneum collected in Taiwan (Table 2.2,

column 3). The effect of short-day treatment on the shortening of
the duration of anthesis is evident. The duration of anthesis in
treatment is 3.9 days, compared to its duration in the check, 6.5
days (Table 2.2, column 2). The most striking effect is found in
hastening the development of the inflorescence under short-day
treatment. As shown in Table 2.2, column 1, the average duration
from the initiation of inflorescence to anthesis is 24.3 days versus
that of 71.3 days in the control.

In contrast to the short-day treatment, the long-day treatment
usually delays the emergence of inflorescence. Anthesis is delayed
for 14 days, ranging from 1 day to 37 days among 49 clones investi-
gated (Table 2.3, column 3 and 4). The duration of anthesis has been
lengthened from 7.7 days (control) to 8.3 days (treatment) (Table
2.3, column 1). It seems that the effect of the long-day treatment
is not so striking as that of short-day treatment in S. spontaneum.
Carbohydrate deficiency:

An intensive study on the effect of carbohydrate deficiency upon
microsporogenesis in tomatoes has been made by Howlett (1936).

He found that in the flower of plants suffering from very severe
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Table 2.2. Induction and promotionaog inflorescence development
in Saccharum spontaneum ’
1 2 3
Duration from Promotion
inflorescence Duration in onset
initiation to in anthesis of anthesis
anthesis (days) (days) (days)
Average Range Average Range Average Range
c 18 3.0 51.0
Treatment 24.3 to 3.9 to 73.1 to
41 4.5 119.0
45.0 5.6
Check 71.3 to 6.5 to 0 0
87.0 7.9
aSource: Sun-Yuan Hsu, Wan-tan Sugarcane Breeding

Station, Taiwan Sugar Research Institute, Wan-tan,
Pingtung, Taiwan, 1970 (unpublished).

bNo. of clones investigated: 9.

cPhotoperiod treatment:
photoperiod cycle:

period:

light period (12 hrs)
dark period (12 hrs)
May 8, 1970 to July 8, 1970.
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Table 2.3. Depression of inflorescgnce development in
Saccharum ggpntaneuma’

1 2 3 4
Duration in anthesis Delay in onset of anthesis
(days) (days)
Average Range Average Range
o 3.8 1.0
Treatment = 8.3 to 14.0 to
12.0 37.0
3.7
Check 7.7 to 0 0
11.3

3Source: Sun-Yuan Hsu, Wan~tan Sugarcane Breeding Stationm,
Taiwan Sugar Research Institute, Wan-tan, Pingtung, Taiwan,
1971 (unpublished)

h - - . o - - ~
“Number of clones investigated: 45

cPhotoperiod treatment:

photoperiod cycle: 1ight period (17 hrs)
dark period (7 hrs)
period: May 31, 1971 to Sept. 9. 1971
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carbohydrate deficiency, degeneration of the anthers occurred before
the development of a distinct sporogenous tissue. Such degeneration
seems rather to have occurred concurrently with a general retardation
of the rate of development of the entire flower due to a limitation
of carbohydrate material.

Under conditions of less severe carbohydrate deficiencies, many
morphologically perfect pollen grains were developed, which failed to
germinate on the stigma or the agar media. However, when plants
growing under a longer day-light period with additional illuminationm,
the number of flowers reaching anthesis and the degree of pollen
fertility increased. Thus, it is evident that the amount of degenera-
tion and sterility is correlated with the degree of carbohydrate
deficiency.

Certain environmental conditions which are primarily characterized
by the induction of carbohydrate deficiency, reported and reviewed

936). produce pollen sterility in plants other than the

by Howlett (
tomato. For example, when the flower primordia of Dianthus (carnation)
were formed during the sunless days of January and February,
contabescence of anthers, as well as apparently normal but non-
germinable pollen grain was produced. The stamens in hermaphroditic
varieties of Fragoria failed to develop normally in darkness and

under conditions of low light intensity similar to the short days

of winter. 1In Hyacinthus and Tulipa, pollen sterility was greater

when the plants were induced to flower in a greenhouse in January

than when they were growing outside under better light conditions.
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Howlett (1936) considered that in these two genera, carbohydrate
deficiency induced as a consequence of very rapid amino acid synthesis
during a short period of low light intensity was a factor in the
production of some pollen sterility.

Richey and Sprague (1932) showed that in Z. mays, anther suppres-
sion is induced by environmental treatments such as light of short
duration or low intensity. Howlett (1936) interprete&ithis observa-
tion as principally characterized by the induction of such carbohydrate
deficiency. This may not be true, however, since this effect is
negated or reduced by night interruption by light at low intensity
levels, and is therefore to be considered direct or an indirect
effect of true photoperiodic reactions and not a consequence of reduced
assimilate levels as has been reported by Heslop-Harrison (1968b) in
maize.

Moss and Stinson (1961) stated that in a shade tent, tassel and
silking of Zea mays was delayed two days in all the hybrids investigated
compared to this development in complete sunlight. This may be
interpreted as an effect of carbohydrate deficiency.

Drought:

Anthers and their component tissues, particularly the tapetum
and the sporogenous tissues, are extremely susceptible to even mild
environmental and internal changes. Drought conditions, even for a
short while during meiosis, greatly affect pollen development (Vasil,
1967). If wilting occurs, the entire development of pollen may be

inhibited.
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Dehydration of the anther of Tradescantia causes the suppression

of the spindle at one or both of the meiotic divisions, producing
diploid and tetraploid microspores and pollen grains. Cytokinesis
by cell plate formation is also inhibited by dehydration. Nuclear
division without cell division also occurs, producing bi- and
quadrinucleate cells. The hydration-induced abnormalities are
similar to those produced by many other agents such as temperature,
chemicals, and radiation. Therefore, Giles (1939) suggested that
variation of the water supply of plants may be an important factor
in the production of polyploid gametes and, consequently, of poly-
ploid races under natural selection.

2,3, Stage Duration in MSG

2.3.1. Duration of meiosis

One of the most variable aspects of the meiotic process is its
duration. According to Bennett (1975), meiosis in pollen mother
cells (P.M.C.'s) of different angiosperm species grown at about 20°¢

ranges from 1 day (Haplopappus gracilis) to about 1 month (Fritillaria

meleagris).

Wilson (1959) reviewed several early reports on the duration of

melosis and found that information on the time taken by melosis is
®

rather fragmentary. Some examples of the duration of meiosis follow:
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Species Duration of meiosis Conditions

Lilium longiflorum 4 days

Vicia faba 3-4 days

Antirrhinum majus 30-40 hours From the last
premeiotic
mitosis to
tetrad

Tradescantia reflexa 2 days Room temperature

(18 to 23°%)

Tradescantia paludosa 52 hours Room temperature

More detailed information on the duration of the stages of
meiosis in T. paludosa was reported by Steinitz (1944) who reported
that the duration of meiosis from paired prophase to the end of the
tetrad stage is 52 hours under temperatures of 18°-23°C; of which,
palred prophase - 14.8 hours, diakinesis - 23 hours, metaphase I -~
2.5 hours, anaphase I - 0.6 hours, interphase - 5.9 hours, metaphase
II - 1.0 hour, and tetrad - 21.8 hours. Taylor (1950) reported the
duration of the stages when anthers of T. paludosa were excised and
cultured in media at 25° or 30°C. "Early sporogenous stage" is used
to designate the period 5-8 days before leptotene. ''Sporogenous
stage" designates the period 1-5 days before leptotene. '"Preleptotene"
is a period of about 24 hours just preceding the initiation of meiotic
prophase. Leptotene lasts about 48 hours, while the duration of
zygotene 1s difficult to analyze. Pachytene lasts about 24 hours,
with diplotene and diakinesis together lasting 16-20 hours. Pro-
metaphase, metaphase i, and anaphase 1 together probably last not

more than 2 or 3 hours. After a short interphase, the second meiotic
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division is usually completed within the 3 or 4 hours following
telophase I.

Relative frequencies of meiotic stages were estimated in micro-
sporocytes of KYS/inversion 5083 maize stock grown under 24°%¢ to 25°C
by Maguire (1970). From twelve suitable tassel branches the mean
frequency of pachytene (including synizesis stage) is 0.46 vs diplotene-~
through~-telophase II 0.54. Seventeen suitable branches gave a
frequency of diplotene-through-telophase II 0.47 vs quartets 0.53.
Comparison of the relative frequency of the meiotic stages from
diplotene to telophase II estimated by Maguire (1970) and in this
study is given in Table 2.4.

For the duration of meiosis, the most intensive and extensive
studies on cereals were conducted by Bennett. The duration of meiosis
and its constituent stages in eight cereal genotypes are shown in
Table 2.5. The data were collected from three reports - Bennett and
Smith, 1972; Finch and Bennett, 1972; Bennett and Kaltsikes, 1973.
From Table 2.5, it is evident that first prophase of meiosis in
higher plants occupies the major portion of the total meiotic time;
approximately, 25 and 40 hours in most species. The inclusive
duration of meiotic stages after diakinesis together is only about
6.S'to 10.2 hours of the total meiotic time.

As indicated in Table 2.5, leptotene is invariably the longest
single stage, closely followed by zygotene and pachytene. Zygotene
is usually slightly longer than pachytene is, although sometimes the

reverse is true. The stages after pachytene are all short, with
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Table 2.4. Comparison of the relative frequencies of meiotic stages
from diplotene to telophase II estimated by Maguire (1970)
and those obtained this study

Stage

Diplotene

Diakinesis

Metaphase I

Anaphase I

Telophase I - interkinesis
Prophase II1

Metaphase II

Anaphase II

Telophase II

Total

Relative

frequency (%)

(Maguire, 1970)

8.2
39.1
13.9

6.9
15.3

1.6

8.3

5.1

9.7

T ——————

108.1

Relative
frequency (%)
(Hsu, this study)

21.5
22.0
13.4
4.8
10.2
1.1
11.8
6.5
8.6

99.9




Table 2.5. The duration in hours of meiosis and its constituent stages in eight cereal genotypes

(Source: adopted from Bennett and Smith, 1972; Finch and Bennett, 1972; Bennett
and Kaltsikes, 1973)
Genotypes
Barley Wheat Triticale
. Tetra-— Tetra- Hexa-~ Hexa-

Stage of Diploid ploid Diploid ploid ploid ploid Octoploid
development Petkus Svalof Chinese C.S. x

Sultan Ymer Ymer Spring 4X Spring 6A190 King II
Leptotene 12.0 11.5 9.0 20.0 13.0 10.4 12.0 7.5
Zygotene 9.0 9.0 7.0 11.4 9.0 3.4 6.0 3.0
Pachytene 8.8 9.3 7.0 8.0 6.4 2.2 9.0 2.25
Diplotene 2.2 1.9 1.8 1.0 1.0 0.6 2.0 1.0
Diakinesis 0.6 0.6 0.5 0.6 0.6 0.4 0.5 0.5
First prophase 32.6 32.3 25.3 41.0 30.0 17.0 29.5 14.25
Metaphase I 1.6 1.6 1.5 2.0 1.8 1.6 2.0 1.75
Anaphase 1 0.5 0.5 0.4 1.0 0.7 0.5 0.5 0.5
Telophase 1 0.5 0.5 0.4 1.0 0.7 0.5 0.5 0.5
Dyads 2.0 1.7 1.5 2.5 2.0 2.0 2.0 1.5
Metaphase I1I 1.2 1.5 1.0 1.7 1.4 1.4 1.5 1.25
Anaphase II 0.5 0.5 0.4 1.0 0.7 0.5 0.5 0.5
Telophase II 0.5 0.5 0.4 1.0 0.7 0.5 0.5 0.5
MI-TII inclusive 6.8 6.8 5.6 10.2 8.0 7.0 7.5 6.5
Total meiotic 39.4 39.1 30.9 51.2 38.0 24.0 37.0 20.75

duration

86
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the shortest stages invariably diakinesis, anaphase I and II, telophase
I and II.

2.3.2. Duration of pollen maturation

With reference to the duration of meiosis, less detailed work
has been done on the duration of pollen maturation in cereal anthers.
The duration of pollen maturation is much longer than that of

meiosis. Taylor's (1950) study on Tradescantia paludosa indicated

that the period from tetrads to microspore division is 5-7 days and
pollen matures within 3 or 4 days after the division of the microspore
nucleus. The whole process from the initiation of leptotene to
mature pollen takes from 14 to 17 days.

Beatty and Beatty (1953) studied the duration of the stages in
microspore development from the end of the tetrad stage to the first

microspore division in Tradescantia paludosa with a half-anther

technique. They divided this period into five identifiable morpho-
logical stages and found that each stage has a duration of about

24 hours., The duration of mitosis in the microspore of T. paludosa
was estimated to be about 36 hours, with the inclusive duration of
metaphase to telophase stages about 16 hours.

The duration of pollen maturation has been classified into three
periods in several cereal genotypes (Bennett and Smith, 1972)., As
shown in Table 2.6, the duration of the first period of pollen
maturation includes a period after telophase II until the first
pollen grain mitosis (P.G.M.1l) (or microspore mitosis), which gives

rise to the generative and vegetative nuclei. This period occupies



Table 2.6. The duration of meiosis (in hours), pollen maturation and its three constituent
stages (in days) in five cereal genotypes (Source: Bennett and Smith, 1972)
1 2 3 4 5 6 7
Telophase II P.G.M.1®  P.G.M.2° Total duration
to to to of pollen
Ploidy Meiosis P.G.M.1 P.G.M.2 dehiscence maturation
level Genotype (hrs) (days) (days) (days) (days)
S. cereale 51.2 6.0 4.5 5.5 16.0
Diploid T. monococcum 42.0 5.0 -— — 12.0
S. cereale 38.0 4.5 4.0 3.0 11.5
Tetraploid ¢ 4jcoccum 30.0 3.3 3.0 3.0 9.3
T. aestivum 24.0 2.5 2.5 2.5 7.5
Hexaploid 4 jticale 35.0 4.0 3.0 3.0 10.0
(Rosner)
Triticale 22.0 — - - 9.0
Octoploid (¢ 5. x Petkus)
%p.G.M.1 = First pollen grain mitosis.

bp . G.M.2

(il

Second pollen grain mitosis.

09
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2.5 days (in hexaploid T. aestivum) to 6 days (in diploid 8. cereale)
at 20°C. The second period is from P.G.M.1 to the second pollen grain
mitosis (P.G.M.2) (or pollen mitosis), at which time generative nucleus
divides to produce two sperm nuclei. P.G.M.2 occurs from 2.5 days

(in hexaploid wheat) to 4.5 days (in diploid rye) after P.G.M. 1. The
third period of pollen maturation, from P.G.M.2 to anther dehiscence,
occupied 2.5 days (in hexaploid T. aestivum) to 5.5 days (in diploid
rye).

2,3.3. Duration from inflorescence initiation to anthesis

The development of the inflorescence in Saccharum spontaneum

was studied in Taiwan by the author (1970, unpublished). The duration
of certain differential and developmental events from the initiation

of the inflorescence until anthesis and the inflorescence length in

the corresponding event are listed in Table 2.7. It was found that

it takes an average of 5.2 days to complete the inflorescence

intiation {Table 2.7, column 3). This is followed by the formation

of the rachi initials, which takes 9.0 days to complete its develop-
ment. Seven and one half days are required to initiate the pedicellate
initials and 13 days to complete its development. The average duration

of anthesis is 6.5 days, with a range of 4.5 days to 8.5 davs. Two to

three months, with an average of 73.4 days are needed for S. spontaneum
(collected in Taiwan) to complete the differentiation and development
of the inflorescence from panicle initials until anthesis (Table 2.7,

column 4) in a subtropical environment*.
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Table 2.7. Development of the inflorescence of Saccharum spontaneuma’

1 2 3 4
Length of the Duration (days)
inflorescence Duration from initiation
(cm) (days) of inflorescence

Average Range Average Range Average Range

Formation of .023 8.0 8.0
inflorescence .033 to 5.2 to 5.2 to
primordia .050 3.0 3.0
Formation of .046
rachis initials .071 to
.110 3.0 7.0
Development of .050 9.0 15t8 14.2 21t8
rachis initials 117 to ‘ g
.200
Formation Early .116
of the stage .181 to
pedicellate .241 4.0 13.0
initials Late .152 7.5 to 20.5 to
stage 274 to 12.0 31.0
.370
Development of 1.20 6.0 25.0
pedicellate initials 2.70 to 13.0 to 33.9 to
| 4.50 21.0 46.0
Booting® 71.5  58.0
to
a 2.6 86.0
Arrowing 5.1 to
6.4
Anthesis 46,00 34.00 6.5 4.5 73.4  60.0
to to to
61.00 8.5 89.0

aNumber of clones investigated: 40.

bSource: Sun~Yuan Hsu, Wan-tan Sugarcane Breeding Station,
Talwan Sugar Research Institute, Wan-tang, Pingtung, Taiwan,
1970 (unpublished).

®puration of booting: duration from the initiation of inflorescence
until the emergence of the inflorescence from the uppermost sheath
on the stem.

dDuration of arrowing: duration from a beginning to a complete emer-
gence of the inflorescence from the uppermost sheath on the stem.
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Very little information on the time-relationship in tassel
development in corn has been published. Leng (1951) presented
evidence to show that inbred lines of corn exhibit definite time-
patterns in tassel development, and that these patterns are heritable.
The mean length of the period between tassel initiation and anthesis
of the three inbred lines and their hybrid progenies is 44.2 and 41.1
days, respectively. The difference was significant at the 1% level.
A general acceleration of development as a result of heterosis in
hybrids was thus apparent. Leng (1951) suggested that the length of
the time patterns is controlled by different genetic factors.

2.3.4. Factors affecting duration of meiosis and pollen maturation

After reviewing the duration of male meiosis in 31 species of
higher plants, Bennett (1973a) indicated that plant species differ
widely in the time they spend in meiosis even at a constant

temperature. Estimates for meiotic time at 20% range from about

18 hours in Capsella bursa pastoris to about 8 days in Lilium longiflorum

(Ito and Stern, 1967). The question arises as to what factors may
affect the duration of meiosis. According to Bennett (1973a) the
duration of meiosis is determined by at least four factors: (1)
environmental factors (e.g., temperature); (i1) nuclear DNA content;
(i1i) ploidy level; (iv) genotypic control.
Temperature:

Temperature has a profound effect on the rates of all developmental
processes in plants. As a rule, the duration of developmental

processes decrease with increasing temperature over the range of
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0° to 20°C (Bennett, 1972).

In a study of the duration of mitotic stages in the root-tip
cell of the common onion at three different temperature levels (lOOC,
20°C, 30°C), Laughlin (1919) indicated that the effect of increasing
temperature upon the velocity of mitosis resembles simple chemical
reactions. An increase of 10°C from 10° to 20°C causes a reduction
in duration from unity to 0.83, while an increase of 10°¢c from 20° to
30°C, taking 20°C as the standard, causes a reduction in duration
from unity to 0.72.

Sax (1938) stated that the duration of meiosis in Tradescantia

Iin the winter may be twice as long as during the summer. The duration
of meiosis (leptotene to tetrad) at various temperatures estimated

by Wilson (1959) in Endymion nonscriptus is shown below.

(o] 50 100 150 o (]

Temperature (°C) 0 20° 25 30

Time (in days) 36.00 15.00 7.00 3.50 2,00 1.25 0.83

Meiosis exhibited rapidly shortening duration with increasing tempera-
ture. For instance, meiosis was 5.6 times as long at 10°C as at
25°c. In T. aestivum meiosis took 43, 24 and 18 hours at 15, 20 and
28°C, respectively, while in S. cereale the corresponding times were
87.5, 51 and 39 hours (Bennett, Smith and Kemble, 1972).

Ito and Stern (1967) reported that under greenhouse conditions
(about ZSOC) microsporocytes of 1lily take about 7-8 days to complete
meiosis from the leptotene stage; in culture, at 22°C, the interval

is about 8-9 days.



65

After reviewing the above data it seems likely that in most plant
species the duration of meiosis is negatively correlaﬁed with tempera-~
ture over the range of temperatures normally encountered at the time
when meiosis usually occurs.

Temperature effects on meiotic behavior have been recognized.
Chromosomes may exhibit three major effects from changes in tempera-
ture: alterations in the frequency and changes in the position of
chiasmata; variations in internal coiling, and the amount of chromosome
pairing (Dowrick, 1957). It has been suggested that all three effects
may be caused by changes in the duration of meiosis or its stages
(Darlington, 1940; Dowrick, 1957).

The duration of the subdivisions of the nuclear cycle in cells
from the root-tips of T. paludosa was determined at 13, 21 and 30°¢
(Wimber, 1966). Wimber showed that between 20-30°C, only small
changes occur in mitotic duration. At 13°C the duration of DNA
synthesis was doubled in comparison to the duration at 21°C and the
post-DNA synthetic period (GZ) and mitosis period were roughly tripled.
Laughlin (1919) also revealed that the resting stage and early
prophase of root-tip cells in the common onion are sensitive to low
(10°C) temperature, resulting in a very long stage of duration,

The effect of temperature on the duration of pollen maturation is
similar to its effect in meiosis. For example, the duration of pollen
maturation in Chinese Spring at 15°C, 20°C and 25°C is 13.5 days,

7.5 days and 5.8 days, respectively, while the duration of pollen

maturation at the corresponding temperatures for Secale cereale is
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22.5 days, 16 days and 10 days, respectively (Bennett, Smith and
Kemble, 1972).
Nuclear DNA content:

Bennett (1973a) surveyed the meiotic times and the nuclear DNA
content for 30 species, of which meiotic times for 16 species and
the DNA content of 22 species were measured. His conclusion was
that a highly significant positive correlation between the duration
of meiosis and nuclear DNA content exists both in the diploid and
tetraploid species. However, the regression lines for species at
different ploidy levels have different slopes. Bennett and Smith's
(1972) investigations of several cereal genotypes indicated that
there are longer meiotic durations in genotypes with higher nuclear
DNA content than in genotypes with lower nuclear DNA content at each
of three ploidy levels - diploid, tetraploid and hexaploid. This
is also true for pollen maturation (Bennett and Smith, 1972).

It was suggested by Bennett (1972) that the multiple effects of
the mass of nuclear DNA which affects all cells apply throughout the
life of the plant and can together determine the minimum generation
time for each species., The duration times of mitosis and of meiosis
are both positively correlated with nuclear DNA content. Therefore,
species with a short minimum generation time might be expected to have
a shorter mean cell cycle time and mean meiotic duration, as well as
a lower mean nuclear DNA content, than do species with a long mean
minimum generation time. It has been suggested that DNA influences
development in two ways: directly through its informational content,

and indirectly by the physical-mechanical effect of its mass.



67

The longer meiotic duration may result from the increased mass bf
nuclear DNA to be organized in division (Bennett, 1972).
Ploidy level:

Bennett and his co-workers (Bennett and Smith, 1972; Finch and
Bennett, 1972; Bennett and Kaltsikes, 1973) have reported on the
duration of meiosis (Tables 2.5, 2.6) and on pollen maturation (Table
2.6). They found that all polyploid species have much shorter meiotic
times than do their related diploid species. 1In a series of related
polyploids the departure from meiotic duration for a diploid increased
with increasing ploidy level. For instance, the duration of meiosis
is 39.4 to 39.1 hours in diploid and 30.9 hours in autotetraploid
barley (Table 2.5). The duration of meiosis in diploid and tetra-
ploid rye is 51.2 hours and 38 hours, respectively (Table 2.5).
Hexaploid triticale takes 37.0 hours, while octoploid triticale
takes 20.75 hours to complete meiosis (Table 2.5).

The effect of ploidy level on the duration of pollen maturation
is similar to its effect on the duration of meiosis. For example,
pollen maturation completion takes 16 days and 11.5 days for diploid
and tetraploid S. cereale, respectively (Table 2.6). For diploid,
tetraploid and hexaploid Triticum, the duration of pollen maturation
is 12, 9.3, and 7.5 days, respectively (Table 2.6).

An increased maximum rate of development compared with diploids
with an equal DNA amount has been regarded as a possible advantage

of polyploidy (Bennett, 1973b).
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It is not clear why meiotic duration is negatively correlated
with ploidy level. According to Bennett (1973a) this might be
associated with the change in nuclear organization which accompanies
polyploid formation. It is clear that increasing the number of genomes
per nucleus in polyploidy results in a new level of organization.
This change results in an increased rate of development and a higher
level of metabolic activity at all the stages of meiosis and during
many other developmental stages (Bennett and Smith, 1972; Bennett,
1972).

Genotypic factors:

Although they are different in many genotypic characters the
two wheat varieties, Chinese Spring and Holdfast are similar in
the duration of their meiosis and pollen maturation stages (Bennett,
Smith and Kemble, 1972). Similarly, both the Sultan and Ymer varieties
of barley have a meiotic time of about 39.2 hours (Table 2.5) yet
differ markedly in floral morphology, with one being two-rowed and
the other six-rowed (Finch and Bennett, 1972). Therefore, variation
in the rate of meiotic development due to genotypic control is
restricted to narrow limits which are nucleotypically determined
(Bennett and Smith, 1972). If these results are typical, as seems
likely, then meiotic duration is fairly constant within each species
and does not vary from genotype to genotype (Bemnett, 1973a).

It has been demonstrated that individual wheat chromosomes in
Chinese Spring differ in their effects on meiotic duration (Bennett,

Dover, and Riley, 1974). For instance, the absence of chromosome 7B
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has no detectable effect on meiotic duration. On the other hand, the
absence of chromosome 5B resulted in an increase in mejotic time from
that found in the euploid (24 hours) to that found in the tetraploid
wheat species (about 30 hours). It appears that the absence of one
pair of chromosomes can have an effect equal to the absence of a
whole wheat genome.

In his "time-limit for pairing" theory, Darlington (1940)
proposed a positive correlation between the duration of pairing and
the amount of chromosome pairing. However, in a study concerning
the relation between meiotic time and meiotic chromosome pairing
behavior, Bennett, Dover and Riley (1974) found no evidence to support
this theory. Bennett (1973a) concludes that the factors which
determine the total duration of meiosis are independent of whether
meiosis is normal or not.

A question arises on the relative duration of the stages of
meiosis changed by these factors. According to Bennett (1973a) and
Bennett and Smith (1972), individual meiotic stages occupy constant
relative proportions of the total meiotic time. Thus, when the total
meiotic duration is doubled, the duration of all its stages is also
doubled. This phenomenon was demonstrated in polyploids and diploids,
and is also evident when the duration of meiosis changes within a
single species 1in response to temperature.

In reviewing several higher plant species, Bennett (1973a) indicated

that the first prophase of meiosis in higher plants occupies the major
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portion of the total meiotic time, between approximately 66 and 75
percent in most species. The inclusive duration of the melotic stages
after diakinesis together makes only 25 to 33 percent of the total
meiotic time.

2.3.5. The reasons for longer meiosis than mitosis

Within the same species, the time course of meiosis is much
longer than that of mitosis. In cells of the lily, for example,
mitosis usually takes 24 hours, while meiosis in the same plant
requires about two weeks (Wolfe, 1972). According to Bennett (1973a),
the minimum times for both the mitotic and meiotic cycles have a
positive linear relationship with nuclear DNA content in diploid
species. The duration of DNA synthesis phase (S) in root-tip cells
was about 3 hours, with the duration of premeiotic S phase between
12 and 15 hours.

The longer duration of meiosis is largely due to the prophase
interval. The two factors, longer duration of meiotic prophase and
increase in size, presumably reflect a unique physiological condition
or change in the cytoplasm; this shift in cell metabolism outside
the nucleus has been held to be responsible for the earlier initiation
of prophase and the formation of the spindle relative to the reproduc-
tion of the chromosome (Darlington, 1957). Stern and Hotta (1969)
indicate that the observed difference in time spans in prophase can
only be attributed to the physiological properties which cells

acquire after they have entered either meiosis or mitosis. The
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obvious conclusion to be drawn is that the metabolic events underlying
meiotic prophase are far more extensive than are those underlying
mitotic prophase. The problem is to identify the nature and signifi-
cance of the metabolic events in questions such as chromosome pairing
and crossing over.

During prophase 1, recombination of alleles and extensive growth
of the pollen mother cells takes place. The extended length of meiotic
prophase is probably due in large part to these two activities (Wolfe,
1972). However, the question concerning the direct.cause of slow

development during meiosis still remains unanswered (Bennett, 1973a).



72

3. MATERIALS AND METHODS

3.1. Statistical Symbols and Definition of Terms

3.1.1. Statistical symbols

Term

B

Chi-square (xz)

Coefficient of 2
determination (r®)

Coefficient of

variation (C.V.)

Confidence interval

Correlation coefficient (r)

GRP

GRP x M

1

Definition or description

Blocks or replications

x2 = Z(Observed-Expected)2/(Expected)
is a test criterion for the null
hypothesis that the proportion with
some attribute in the population has
a specific value.

The proportion of the sum of squares
of the dependent variable (upper
flower) that can be attributed to
the independent variable (lower
flower).

€.V. = s/X. A measurement of
variation in a population. The
standard deviation(s) is expressed
as a percentage of the mean (X).

A statement that a population param-
eter has a value lying between two
specified limits., It has the feature
that in repeated sampling a known
proportion (for imstance, 95%) of

the intervals computed by this method
will include the population parameter.

A coefficient that serves to measure
the degree of the intensity of the
association between upper and lower
flowers of the same spikelet in
microspore development.

A main effect due to the genotype
groups.

An interaction effect between genotype
groups and tassel maturities.

1Unless otherwise noted.



GRP x Mx P

GRP x P

LSD(.OS)

MxP

Population correlation
coefficient (p)

Regression coefficient (b)

V/GRP

V x M/GRP

VxMx?P
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An interaction effect among genotype
groups, tassel maturities and
spikelet positions.

An interaction effect between genc-
type groups and spikelet positionms.

The least significant difference at
5% level.

A main effect due to the tassel
maturities.

An interaction effect between tassel
maturities and spikelet positionms.

Mean square.

A main effect due to the spikelet
positions.

The correlation coefficient of popula-
tion (genotypes within a genotype
group or genotypes among groups)
between upper and lower flowers in
microspore development.

The slope of the regression line.

It is useful in the prediction of the
stage of the upper flower (Y) from
the observed stage of lower flower
{X) of the same spikelet in micro-

spore development.
A main effect due to the genotypes.

A main effect due to the genotypes
within genotype group.

An interaction effect between geno-
types and tassel maturities within
genotype group.

An interaction effect among geno-
types, tassel maturities and spikelet
positions.



V x M x P/GRP

V x P/GRP

3.1.2. Definition of terms

Term

Anthesis

Cumulative frequency (CF)

Cytomictic channels

Day-length (D)

Development of
microspores

IDM

Meiocyte

Microsporocyte
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An interaction effect among geno-
types, tassel maturities and spikelet
positions within genotype group.

An interaction effect between geno-

types and spikelet positions within
genotype group.

Definition or description

The action or period of the
dehiscence of the anther.

The cumulative frequency (CF) of

a given stage is the amount of time
relative to the total up to that
stage.

Delicate strings or threads of
cytoplasm connecting adjacent
mother cells. Nuclear material (DNA)
may pass through the channels.

Duration of daylight.

Describes the advancing stages of
microsporogenesis (MSG) including
meiosis and pollen maturation.

The increment of development of
microspores (IDM) of a given tassel
maturity is obtained by substracting
the mean rate of microspore develop~
ment (in cumulative frequency) of

a less advanced adjacent tassel
maturity from that of a given tassel
maturity.

Any cell that undergoes melosis.

A microspore mother cell.



Microsporogenesis (MSG)

Period of anthesis

RDM

Relative duration

Relative frequency (RF)

Sequence of anther
dehiscence

Synchrony in a broad
sense

Synchrony in a narrow
sense

Terminalization

Time interval (U:L)
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The development of microspores in an
anther from the leptotene stage until
the formation of mature, tri-nucleate
pollen grains that are in a pre-
shedding or shedding condition.

Number of days when 95% of the spike-
lets of a tassel have completed
anther dehiscence.

The rate of development of micro-
spores (RDM) is defined as the
advance in the stage of the develop-
ment of microspores in a given time
period.

The duration of a stage relative to
the total duration of all stages.

Frequency of a given stage relative
to the total frequencies of all
stages.

The order of the onset of anther
dehiscence among different spikelet
positions of a tassel.

The uniformity of more than one stage
(or closely related stages) among

the meiocytes or microspores within
a loculus or an anther.

The absolute uniformity of a stage
among the meiocytes or microspores
within a loculus or an anther.

The process whereby the chiasmata
move toward the ends of the chromosome
arms,

The period of time (in cumulative
frequency) that separates the stage
of upper (U) flower from the stage
of the lower (L) flower of the same
spikelet during MSG. It is also
defined as the period of time (in days)
that separates pollen shedding during
anthesis between two florets of the
same spikelet.
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3.2. The Tassel and Male Spikelet of Zea mays

A photograph of a tassel with the 4 regions used as reference
areas in sampling florets is given in Figure 3.1. The male spikelet
with two florets is shown in Figure 3.2. For a more detailed
description with reference to the structure of the tassel and the
spikelet, refer to Sections 2.1.1 and 2.1.2.

3.3. Classification of Each Stage of Microsprogenesis (MSG)

For a quantitative study, MSG has been arbitrarily divided
into 28 steps or stages, of which 13 stages are meiotic stages and
the remaining 15 stages are included in pollen maturation. Schematic
diagrams of the various stages of meiosis are adopted from Rhoades
(1950) and are given in Figure 2.5. Fér a more detailed description
with reference to the identification of each of the 13 stages in
meiosis, refer to Section 2.2,2.2.

Fifteen steps, from the tetrad stage to the appearance of
mature pollen at the time of pollen shedding (mic. 6.5) have been
arbitrarily classified by the author, according to the morphological
changes of the microspores or the developing pollen under light
microscopic observation. Thirteen of the 15 stages in pollen
maturation are given in Figure 3.3. The fine structural changes of
the maturation of the pollen grains in Sorghum have been studied
under the electron microscope by Christensen (1972) (Section
2.2.2.1). For identification of the stages of pollen maturation,

refer to Section 2.2,2.1 and Figure 2.4.



Figure 3.1.
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Four positions of a tassel used
sampling florets.

as reference areas

in
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g ~ glume; 1 - lemma; p - palea

Figure 3.2. Complete staminate spikelet at pollen-shedding stage.
Right, upper flower with three anthers at pollen-
shedding stage; left, lower flower with three anthers.



Figure 3.3.

Maturation of pollen grains in maize (A-M. x 252,

N-0.
A.
B.
c.

D,E,

G.

H.

L,J,

N,O.

x 315.)

Tetrad stage: tetrads of microspores encased in

callose.

Microspore 1.02: non-vacuolate microspores just

released from tetrads following callose dissolution.

No apparent exine (pollen wall).

Microspore 1.5: early vacuolate microspore stage.

Microspore enlarging and small vacuole forming. Thin

exine forming.

F. Microspores 2.0, 2.5, 3.0: mid-vacuolate
microspore stage. Microspore enlargement.
Vacuoles coalescing. Pollen wall (exine) thickens.

Microspore 3.5: 1late-vacuolate microspore stage.

The nucleus and pollen pore are located at the

opposite ends of the microspore. Vacuoles coalescing.

Pollen wall (exine) approaches its final thickness.

Microspore 4.0: vacuolate pollen stage (microspore

mitosis). Microspore nucleus undergoes mitosis to

form the generative and vegetative (tube) nuclei.

The vegetative nucleus is larger than the generative

nucleus.

K. Microspores 4.5, 5.0, 5.5: engorging pollen
stage. The vegetative nucleus migrates toward
the pore first, followed then by the generative
nucleus. Starch accumulates. Vacuole diminishes.
Intine forms beneath the exine and is much
thicker near the pore.

Microspore 5.8: engorging pollen stage (pollen

mitosis). The generative cell begins to divide

at this stage, producing two sperm cells (see 0).

Microspore 6.0: tri-nucieate pollen stage. The

vacuole disappears. The mature pollen grains before

shedding.
Microspore 5.8 to 6.0: tri-nucleate pollen stage.
Two sperm cells produced following the division
of the generative cell. The vegetative nucleus
is observed at a near-central position of the
pollen grain. N and O are the same pollen grains
with each photo from a different exposure time.

@Microspore numbers refer to designated stages described in
Section 2.2.2.1.
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3.4. Genotype Classification

There are 30 genotypes (V), which have been classified
into 5 genotype groups (GRP) included in this study. These 5
groups (column 1) and the genotypes of each group (column 2) are
given in Table 3.1.

Among the 17 inbreds used, 13 lines (No. 1 to No. 13) out of
the original 16 lines were the divergent inbreds used to develop
the Iowa Stiff Stalk Synthetics in 1933 kindly supplied by Dr.
Arnel R. Hallauer (numbers in parentheses refer to line number:
listed in Table 3.1). The remaining 3 inbreds, genotypes Nos. 28,
29 and 30 (Table 3.1) originated from the Pioneer line 086, 302,
and 312, respectively. These three inbreds were obtained from the
Pioneer Hi-bred Corn Company, Johnston, Iowa. Inbred No. 26 was
obtained from the University of Illinois (Illinois R181B).

Three tetraploid stocks (non-waxy) were accessions from the
University of Illinois 1964 (No. 16) and 1972 (Nos. 14 and 15) and
were used by the author to synthesize the autotetraploid waxy
homoallelic and heteroallelic recombination stocks from the original
waxy (wx) stocks (Yu and Peterson, 1973) for another study. Both
the Mexican (Nos. 17, 18, 19 and 20) and Colombian varieties (Nos.
21 and 22) were 1971 accessions of native origin. The following
hybrid combinations were also used: No. 23 = R181/250; No. 24 =
086/695; and No. 25 = 226/R181B (all lines in the combination are
Pioneer lines except R181B). The sweet corn variety "Country
Gentleman" is a commercial variety obtained from Henry Field Seeds,

Shenandoah, Iowa 51601.
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Table 3.1. Number of tassels: includes 4 different maturities (M)
for each genotype sampled from 2 field blocks (B).

1 2 3 4 5 6 7

Tassel maturities (M)a

Genotype M1 MZ M3 M4 Total
groups Genotypes
(GRP) ) B B, By By By B, B By
1. A3G-3-1-3 2 2 2 1 2 1 1 3 14
2. F1B1-7-1 1 2 2 2 2 2 1 13
(B2xFe-2)
3. IllHy 2 3 3 3 3 2 2 2 20
4, T159 1 1 1 1 4 3 1 1 13
5. I224(Al) 1 1 3 3 3 2 2 2 17
6. Ind461 3 2 1 1 3 2 1 2 15
Inbreds 7. LE23-1-6~-2 2 1 2 1 2 4 2 2 16
8. Ia0s420C2 2 1 1 1 3 3 2 2 15
9, IndTr-9-1-1-6 3 2 1 1 1 2 2 2 14
10. Ind456A 2 1 2 3 2 2 2 2 16
11. I1112-E 1 1 2 2 2 3 2 2 15
12, CI187-2 2 1 3 2 2 1 3 2 16
13. CI540 1 1 4 2 2 1 2 2 15
26. 8'4913 3 2 1 2 1 2 3 2 16
28. 8'4909 1 1 2 2 2 2 2 1 13
29, 8'4906 2 2 2 1 3 3 1 2 16
30. 8'4903 3 2 2 2 2 3 2 1 17
14. 3'1624 1 2 3 3 2 3 2 2 18
Tetra~ 15. 3'1367 4 3 1 3 2 1 2 2 18
ploids 16. 3'1622 3 1 1 2 1 2 2 2 14
aM1 = maturity 1; Mz = maturity 2; M3 = maturity 3; M4 = maturity 4;
B1 = block; B2 = block 2.
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Table 3.1. (continued)
1 2 3 4 5 6 7
Tassel maturities (M)
Genotype M1 MZ M3 M4 Total
group Genotypes
(GRP) W By By By By By By By By
17. Ac406 1 1 2 1 3 3 2 1 14
Mexican 18. Ac4l5 1 1 2 2 5 4 2 2 19
varieties 19. Ac420 1 1 2 2 4 &4 2 4 20
20. Ac42l 2 1 2 2 3 3 3 5 21
Colombi 21. Ac436 1 1 2 1 2 4 2 1 14
0l0mMbIAN 55, Ack40 1 1 1 4 5 2 1 16
varieties
23. 8'4913/4907 2 2 3 2 1 2 2 2 16
24, 8'4909/4910 1 1 3 1 1 1 3 2 13
Hybrids 25. 8'4902/4913 i1 2 2 2 1 2 2 1 13
27. Country 2 3 3 3 3 3 2 3 22
Gentleman
Total 30 genotypes 53 45 61 55 71 75 60 59 479
Average 3.27 3.87 4.87 3.97 15.97
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3.5. Classification of Tassel Maturity and Spikelet Position

In order to determine the effect of tassel maturity on micro-
'spore development, all tassels collected from the stage of leptotene
to pollen shedding for each genotype were classified into 4 different
maturities. For the criterion used for this classification, refer
to Section 4.1.3.1.

To determine the effect of spikelet position, 4 different
tassel positions have been classified (Fig. 3.1).

3.6, Field Experiment Design

A 30x4x4 split-split-plot experiment with 2 replications
(two planting dates), involving 30 genotypes (V), 4 tassel
maturities (M) and 4 spikelet positions (P), was designed to
evaluate the effects of genotypes, tassel maturities, and spikelet
positions. The 30 genotypes were planted in two different blocks
(B) at the Agronomy Farm at the Iowa State University Research
Center, on two planting dates, each separated by two weeks, during
the summers of 1974 (for MSG study) and 1975 (for anthesis investiga-
tion). A few minor samples were collected in 1975 to compensate for
ingufficient samples of certain genotypes obtained in 1974. Each
genotype was grown in one row (4 x 40 in) with 10 plants per row.

The whole plot treatments consisted of the 30 genotypes. The
4 tassel maturities and the four spikelet positions were the sub=

plot and the sub-sub-plot units, respectively.
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3.7. Sampling and Microsporocyte Techniques

The first tassel of each genotype was sampled at the onset of
meiosis in spikelet position 2 (Fig. 3.1). Continued sampling was
employed afterward at time intervals of 1 to 2 days until anther
dehiscence. In order not to fail to obtain meiosis in a tassel,
more frequent sampling was practiced with maturity 1 tassels, due
to the relatively short duration of meiosis.

The whole tassel (young tassel) or, in the case of older
tassels, a segment of each of the 4 designated positions (Fig.
3.1) was sampled and fixed in AA solution (95% ethyl alcohol and
acetic acid in a ratio of 3:1) for 24 to 48 hours and stored in
70% ethyl alcohol at room temperature (72°F).

Prior to the examination of the stages of MSG, three to five
spikelets were selectively picked from each of the four positions
- designated as positions 1, 2, 3 and 4 (Fig. 3.1) and transferred
into four vials with identifying labels. Two spikelets from each
of the 4 positions of a tassel were used for examination for the
stage of MSG. Three anthers of each flower (upper and lower)
were used for the examination., The stage of meiosis or pollen
maturation was determined from the aceto-carmine stained anther
squash method. If more than one stage appeared on one slide, the
predominant stage is recorded, with one exception: in the case of
prophase II, it is recorded as prophase II, because the predominant
appearance of this stage, if any, is an extraordinarily rare event

- due to its very short duration in melosis.
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Generally, two spikelets (in very rare cases, only one spikelet)
were sampled from each of the 4 positions of a tassel. In each geno-
type among the two blocks (replications), 13 to 22 tassels with an
average of approximately 16 tassels (Table 3.1, column 7) were
sampled and classified into 4 tassel maturities. Therefore, each
tassel maturity shown in Table 3.1 has an average of about 4
tassels among two replications or an average of about 2 tassels
per replication. As a consequence, within each position of each
maturity, approximately 4 spikelets (2 spikelets x 2 tassels) were
sampled per genotype per replication. The average value of these
4 observations (in stages expressed by cumulative frequencies) from
each set of flowers (upper and lower) of these 4 spikelets served
as an observation in one of the 16 combinations (4 maturities x
4 positions) of a genotype per block (or replication). Therefore,
in the analysis of variance a total of 480 (VMP = 30 x 4 x 4) mean
obgervations of the upper or lower flowers of the same spikelets
for each replication was employed to evaluate the effect of geno-
type, tassel maturity and spikelet position on microspore development.

3.8. Methods in Anthesis Investigation

Three tassels of each of the 25 genotypes were used for the
investigation of field flowering. The spikelets used to determine
anther dehiscence within each of the four positions (Fig. 3.1) were
randomly selected. Dennison marking tags (size 3 x 2 cm2) were
tied in each position to identify the date of the first anther
dehiscence of each position. The sequence of the onset of anther

dehiscence and period of anthesis of a tassel are thus obtained.
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To identify the time interval (U:L) (number of days) separating
pollen shedding between upper and lower flowers, four different
colors (blue, red, black and green, - Samford's Sharpie marking
pen) were used as a color code to mark the spot(s) on the surface
of the glume of the spilkelet. A blue spot marked the first day
of pollen shedding of the upper flower of a spikelet; a red spot
was used on the second day if the lower flower of the same spikelet
did not shed pollen, and so on until the lower flower began to shed
pollen. The number of days separating the upper and lower flowers
in pollen shedding was obtained by counting the number of color
spots on a spikelet.

A total of 4,941 spikelets among 25 genotypes was sampled
for anthesis investigation (Table 4.28). Each of the 3 tassels
of a genotype was randomly selected for investigation and was
considered as one replication. The average value of the observa-
tions of the sampled spikelets at each position of a tassel of a
genotype served as an observation. There are, therefore, 4
observations for each tassel of a genotype and 12 observations for
3 tassels (replications) of a genotype and 300 observations (12
observations x 25 genotypes) for 25 genotypes. These observations
were employed in the analysis of variance to evaluate the effects

of spikelet positions and genotypes on anthesis.
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3.9. Methods in Data Processing

3.9.1, Distribution of tassel samples taken from different tassel

maturities of each genotype

A total of 479 tassels was sampled among 30 genotypes. Between
13 and 22 samples with an average of 16, were collected for each
genotype. The number of tassels, including 4 different maturities
(M) sampled from two field blocks for each of the 30 genotypes is
given in Table 3.1.

3.9.2. Number of spikelets sampled

A total of 3,543 spikelets (Table 4.1) sampled from 479 tassels
(Table 3.1) were used as assays in the study of microspore development in
Sections 4.1, 4.3 and 4.4. In Section 4.2, however, the data have
been estimated from 3,076 spikelets (Table 4.7, column 3).

There are 4,941 spikelets among 25 genotypes (Table 4.28)
sampled for anthesis investigation in Section 4.5.

3.9.3. Relative duration of each stage in MSG

The relative duration of each of the 28 stages in MSG is
estimated from the relative frequency of the observations at the
particular stage from the upper flower of 3,543 spikelets. For a
detailed description of the rationale for this estimate, refer to
Sections 4.1.2 and 4.1.3.2.

3.9.4. Cumulative frequency of each stage in MSG

For a quantitative study on the development of microspores,

the cumulative frequency of each of the 28 stages can serve as an
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indication of the rate of advance of MSG (Table 4.3). This method
was used in order to assay the development of microspores in the
upper (U) flower, the lower (L) flower and the time interval (U:L)
between upper and lower flowers. For detailed information on the
use of this method, refer to Section 4.1.4. All stages of MSG in
the upper (U) and lower (L) flowers and the stage difference (time
interval, U:L) between them are scored in cumulative frequencies
(CF) in the statistical analysis.
3.10. Methods in Statistical Analysis

3.10.1. Correlation (r) and regression (b) studies

There are two types of classification in the estimation of the
linear correlation and regression between upper and lower flowers
in microspore development in this study. The first type is a 3-way
(VMP) classification that includes 3 factors: genotype (V), tassel
maturity (M), and spikelet positions (P). There are 13 to 22 tassels
with an average of 16 tassels (Table 3.1, column 7) sampled,
classified into 4 tassel maturities, for each genotype in the two
blocks (B). Therefore, approximately four tassels for each maturity
were recovered. There are, thus, about 8 spikelets (2 spikelets x
4 tassels) sampled for each position of each maturity of a genotype.
The stages of the upper and lower flowers of these 8 spikelets were
utilized to estimate the correlation and regression coefficients
of each of the 16 combinations of tassel maturities and spikelet
positions per genotype in the two blocks. Since the number of

spikelets (with an average of about 8 spikelets) used to estimate the
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r values or b values is too small to divide into 2 replications, all
tassels érom the two blocks (or replications) are, therefore, pooled
for this estimate, Thus, the two replications are eliminated
leaving only one., There are 16 (MP = 4 x 4) r and b values for
each genotype and 480 (VMP = 30 x 4 x 4) r and b valués for 30
genotypes.,

The second method is a one-way classification, with only one
factor, genotype, involved in this classification, not considering
different tassel maturities and spikelet positions. The r and b
values between upper and lower flowers of the same spikelets in
microspore development are estimated from the sampled spikelets
(usually two splkelets) of 4 spikelet positions of all the sampled
tassels of a genotype. Instead of 16 r and b values, there is only
one r and b value obtained for each genotype.

The mathematical model in linear regression can be written
as follows:

Y=a +8x +¢,
where ¢ is a random variable with zero mean and variance 52,

o is the mean of population that corresponds to x = 0

B 1s the slope of the regression line,

x = X-X, is an observable parameter,

X 18 the independent variable which specifies the stage of
the lower flower,

Y is the dependent variable, a regressive stage of the upper

flower on X.
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The linear correlation coefficient (r) is estimated from the

equation:

L(X-X) (Y-Y)

,/ 1 (-0 2 (-5

where X is the stage of the lower flower and Y the upper flower.

Correlation and regression coefficients as estimated from the
second classification type have been employed in Section 4.2, while
these coefficients estimated from the first classification type
have been adopted in Sections 4.3 and 4.4. The statistical analysis
gsystem (Service, 1972) was used to obtain these r and b values in
both classification types.

3.10.2. Analysis of variance on the rate of microspore development

3.10.2.1. Analysis of variance within genotype group The

statistical model used for analysis of the data of the stages of

the development of microspores (in cumulative frequencies) quanti-

TR R TR TR LR S (VM)jk+61jk

+ P+ (v1>).,il + (Mp)kl + (m)jkl + Yiqia (1
where
th th
Yijkl = the observation of the 1 position of the k™ maturity
of the §™P genotype of the 1! block,
¥ = overall mean,
Bi = an effect due to the ith block,
V, = an effect due to the jth genotype,

eij = N(O,oez), the whole-unit random component of the jth

genotype of the ith block,
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Mk = an effect due to the kth maturity,
(VM)jk = an interaction effect due to the jth genotype and
the kth maturity,

aijk = N(O,Gsz), the sub-unit random component of the kth maturity

of the jth genotype of the ith block,

P1 = an effect due to the lth position,

(VP)jl = an interaction effect due to the jth genotype and the

1th position,

(MP)kl = an interaction effect due to the kth maturity and the

1th position,

(VMP)jkl an interaction due to the jth genotype and kth maturity

and 1th positions,

Yijkl = N(O,o_f), the sub-sub-unit random component of the 1th

position of the kth maturity of the jth genotype of the

1™ piock.

All factors in this model were considered fixed, except for block (B)

and three errors. The main-plot error [Exrror (a)] was used to

€3
test the significance of effects in main-plot. The sub-plot error
sijk [Error (b)] was used to test the significance of effects in
sub-plot. The sub-sub-plot error Yijkl [Exrror (c)] was used to

test the significance of effects in sub-sub~plot.
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3.10.2.2. Analysis of variance over 5 genotype groups A split-

split-plot statistical model was used to analyze the effects of geno-
type group, genotype, tassel maturity and spikelet position on the
development of microspores (in cumulative frequency). The genotype
groups (G) and genotypes (V) are considered as main-plot experimental
units, tassel maturities (M) as sub-plot experimental units, and
spikelet positions (P) as sub-sub-plot experimental units:
Ypigep =¥+ By + 6 + Vj/Gh *epgy t M+ (G, + (VM)jk/Gh +
“nage ¥ By ¥ Oy + (R *+ (V)5 /G, + (OB, +
(P8) 111/ * Yhigia @
where
u, B, M, P, (MP) are the same as in model (1),
Yhijkl = the observation of the 1th position of the k".'h maturity
of the jth genotype of the hth group of the ith block,

an effect due to the hth group,

(]
"

Vj/Gh = an effect due to the jth genotype of the hth group,

ehij = N(O,oez), the whole-unit random component of the jth
genotype of the hth group of the ith block,
(GM)hk = an interaction effect due to the kth maturity of the hth

group,

(V™) an interaction effect due to the kth maturity of the

jth genotype of the hth group,

N(O,uaz), the sub-unit random component of the kth maturity

of the jth genotype of the hth group of the ith block,

Shijk =

(GP%H- = an interaction effect due to the hth group and the

lth position,
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/Gh = an interaction effect due to the jth genotype of the

th group and the 1th position,

(VP) )

h

(GMP)hkl = an interaction effect due to the hth group and the th

maturity and the 1th position,

(V™MP) /Gh = an interaction effect due to the 1th position and the

jk1
kth maturity and the jth genotype of the hth group,
Yhijkl = N(O,OYZ), the sub-sub-unit random component of the 1th
position of the kth maturity of the jth genotype of the
hth group of the ith block.
All the factors in this model were considered fixed, except for block
t S .
(B) and the three error terms. The three errors ehij’ Ghijk, and Yhijkl
were used to test the significance of main effects or interaction
effects in main-plot, sub-plot, and sub-sub-plot, respectively.

3.10.3. Combined analysis of variance over 5 genotype groups in

correlation study

A split-plot statistical model was used to analyze the effects
of the several factors on the correlation coefficients between upper
and lower flowers in microspore development based on the three-way
(VMP) classification.

Ty = v+ 6 * v, /6, + Mj + (GM)h.j + (VM)ij/Gh + B+ (GP)y, +

(V2) 1 /Gy, + (MB) yp + (GUR),, + (VMR),,0 /Gy (3)
where u, M, P, and (MP) are the same as in model (2).

Yhijk = the observation of the kth position of the jth maturity

of the ith genotype of the hth group,
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Gh = an effect due to the hth genotype group,
vi/Gh = an effect due to the ith genotype of the hth group,
(GM)hj = an interaction effect due to the hth group and the jth
maturity,
(VM)ij/Gh = an interaction effect due to the jth maturity and the
ith genotype of the hth group,

h position and the

(GP)hk = an interaction effect due to the kt
hth group,
(VP)ik/Gh = an interaction effect due to the k'' position and the
ith genotype of the hth group,

hik = an interaction effect due to the h™ group and the jth

maturity and the kth position,
(VMP)ijk/Gh = an Interaction effect due to the ith genotype of the‘
nth group and the jth maturity and the kth position.
Since the tassels from the two blocks have been pooled in the
estimate of the correlation coefficient, there is no replication
in this model and this results in the omission of the true error
terms. All factors in this model were considered fixed. The two-
factor interaction terms (GM) and (VM)/G were pooled and used as
error (a) to test the significance of effects of G, V/G, and M.
The three-factor interaction terms (GMP) and (VMP)/G were combined
in order to test the significance of effect of P and interaction
effects of (GP), (VP)/G, and (MP).
The statistical analysis system (Service, 1972) was adopted to

run the analysis of variance.
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3.10.4. Analysis of variance in anthesis

3.10.4.1. Analysis of variance within genotype group A

split-plot statistical model was used in the anthesis investigation

with genotypes as main-plot experimental units and positions as

sub-plot experimental units:

Yijk =y + Bi + vj + Eij + Py + (VP)jk + &

where

1k 4

Yijk = the observation of the kth position of the jth genotype
of the ith replication,
¥ = overall mean,
B, = an effect due to the iFh replication,

Vj = an effect due to the jth genotype,

Cij = N(O,cez), the whole-unit random component of the jth
genotype of the ith block,
Pk = an effect due to the kth position,
(VP) .. = an interaction offect dus tc the jth genotype and the kgh
position,
Gijk = N(O,c6 ), the sub-unit random component of the kth position
of the jth genotype of the ith replication,

All factors in this model were considered fixed, except for replication

(B) and errors. The error terms eij [error (a)] and § [error (b)]

ijk
were used to test the significance of effects in main-plot and sub-

plot, respectively.
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3.10.4.2. Combined analysis of variance over 4 groups The

statistical model used was as follows:

Yhijk =u+B +6 + vj/c;h + Chig + Pk + (GP)hk + (VP)jk/Gh +

6hijk ®)
where

u, B, and P are the same as in model (4),

Yhijk = the observation of the kth position of the ij genotype
of the hth group of the ith replication,

Gh = an effect due to the hth group,
Vj/Gh = an effect due to the jth genotype of the hth group,
Chij = N(O,oez), the whole-unit random component of the jth

genotype of the hth group of the ith replication,

(GP)hk = an interaction effect due to the hth group and the
kth position,

1 th ___ .. £ e th

group and the kth position,

2 h

N(O,o5 ), the sub-unit random component of the Kkt
position of the jth genotype of the hth group of the
ith replication.

All factors in this model were considered fixed, except for the

replication (tassel) and errors. The error terms ehij[error (a)]

and shijk [error (b)] were used to test the significance of effects

or interaction effects in main-plot (G, V/G) and sub-plot (P, GP,

VP/G), respectively.
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The statistical analysis system (Service, 1972) was adopted to
run the analysis of variance within group and the combined analysis
of variance over 4 groups. In the analysis of the effect of day-
length on anthesis, the regression procedure of the statistical

analysis system (Service, 1972) was employed.
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4. RESULTS

The male component of a corn plant, the tassel, consists of a
large number of individual spikelets, each with two florets, one
upper (U) and a lower (L) (Figs. 3.1 and 3.2). The main questions
of this thesis deal with the relationship between the upper and
lower flowers of the same spikelet in the development of microspores
and the factors affecting this relationship.

In the initiation of a tassel the masses of cells that
are destined to become the upper and lower flowers of developing
spikelets are differentiated early in the growing seedling (Kiesselbach,
1949). These flower initials following a series of somatic cell
divisions lead to the onset of meiosis and subsequent meiotic divisions
that finally give rise at the time of shedding mature, tri-nucleate
pollen grains., Each of the stages of microsporogenesis (MSG) takes
place in the anthers of all the flowers.

Questions arise on the various effects that influence the develop-
mental relationship between upper and lower flowers: these include
effects of different spikelet positions (Section 3.5 and Figure 3.1),
different tassel maturities (Section 3.5), different groups of genotypes
(Section 3.4), and the interaction effects among the above mentioned
factors.

Though the processes involved in MSG represent a contilnuous
sequence of events, it was necessary to identify individual steps
in MSG in order to objectively quantify the U:L relationship within

the same spikelet. For this purpose, 28 steps or stages were
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arbitrarily identified in MSG beginning with the leptotene stage
and continuing through to the shedding of a mature, tri-nucleate
pollen grain. By this method, a value (cumulative frequency = CF)
for each stage could be determined and this value could be used in
further comparisons.

4.1, Microsporogenesis (MSG)

Microsporogenesis (MSG) as considered by Horner and Lersten
(1971) in their treatment of the subject includes all the stages
from the undifferentiated microsporoangium to the mature pollen-filled
anther, including the related events in the tapetum and external
cell layers of the anther. The term microsporogenesis (MSG) as
adopted here encompasses the development of microspores in an anther
from the earliest stages of meiosis to pollen maturation, and this
includes all the stages from the leptotene stage until the formation
of mature, tri-nucleate pollen grains that are in a pre-shedding or

shedding condition.

4.1.1. (Classification of various stages in MSG

An arbitrary standard was developed for a quantitative study
of the development of microspores in upper and lower flowers. In
order to compare the development of the microspore of maize flowers,
it seems necessary to have a scale or standard that will make it
possible to differentiate the different steps (or the extent) of
microspore development. For purposes of this study, 13 cytological
stages have been identified in meiosis (Rhoades, 1950, 1955, 1961)

that describe the different steps of sporocyte development (Section
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2.2.1.1). This standard or scale defines qualitatively the process
of microspore development. For example, pachytene appears two stages
beyond leptotene and telophase II, two stages beyond metaphase II.
The question then arises as to the duration of each meiotic
stage throughout the whole period of meiosis. Do each of the 13
meiotic stages have the same duration? If the answer is positive,
the time period between certain numbers of stages as for example,
between leptotene and pachytene should be the same as the time
period between metaphase II and telophase II because in both cases
there is a separation of two stages. Under these circumstances the
use of meiotic stages as a standard or scale to measure the develop-
mental difference of microspores would be adequate. Unfortunately,
this is not the case for meiotic stages. The stage duration of each
meiotic stage is different. The real or true developmental difference
of microspores between any two stages cannot be adequately described
by the qualitatively defined stages. A standard or scale that is
able to quantify the true developmental difference of microspores
between any two stages in MSG is therefore necessary in this study.
Several reports (Steinitz, 1944; Taylor, 1950; Maguire, 1970;
Bennett and Smith, 1972; Finch and Bennett, 1972; Bennett and
Kaltsikes, 1973) have indicated that the early meiotic stages in
meiosis I have a much longer stage duration than any of the stages in
meilosis II (see Section 2.3.1). For example, the time interval
between leptotene and pachytene is about 14 times longer than the time

interval between metaphase II and telophase II in diploid barley
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(variety Sultan, Table 2.5). It was for this reason that a standard
or scale that differentiates any two stages during MSG quantitatively
was established.

For quantitative studies, a short duration for a stage is more
accurate as a measure of any stage in MSG since it can differentiate
slight changes in the development of microspores. For the identifica-
tion of the meiotic stages used in this thesis, refer to Section 2.2.2.2.
By dividing meiosis (leptotene to telophase 1I) into 13 stages with |
a relatively short stage duration, a usable standard or scale in
differentiating the progress of melosis is possible because meilosis
occupies about 13% of whole MSG period in T. aestivum and about 15%
in T. monococcum (Table 2.6, Bennett and Smith, 1972).

Tetrad formation follows meiosis and the microsporocytes proceed
to the various steps in the maturation of pollen grains. The six
stages that are cytologically identifiable during pollen maturation
occupy about 83% of the total MSG period in T. aestivum. Thus, one
stage in pollen maturation may occupy a time period equal to the whole
duration of melosis that itself is divided into 13 meiotic stages.
Consequently, this long stage duration during pollen maturation is
unfavorable for accurate quantitative measurements, In order, there-
fore, to quantify the degree of the development of microspores as
accurately as possible, subdivisions of the stages in pollen maturation
seem definitely necessary and for this purpose, 15 steps or stages
are arbitrarily identified as shown in Figure 3.3. The six cytological

stages in pollen maturation that were used by Laser and Lersten (1972)
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are shown in a diagrammatic scheme from their article. Christensen
(1972) classifies the MSG into ten developmental stages based on the
feature of the sporogenous tissue. A diagrammatic scheme and the
description or identification of each stage was adopted in the literature
review in this thesis (Section 2.2.2.1 and Figure 2.4).

4.1.2, The frequency of each of the stages of MSG between upper and

lower flowers of the same spikelet: a comparison

With the establishment of the 28 stages or steps in MSG, it is
then possible to determine the duration of each of the 28 steps. The
methods and techniques used in timing meiotic duration has been reviewed
by Bennett (1971,.1973a). The methods fall into two general types:
first, autoradiographic methods, and second, non-autoradiographic
methods involving the sampling at known intervals of synchronously
developing meiocytes. Autoradiographic techniques involve labeling
meiocytes during premeiotic DNA synthesis (S) phase and then finding
the minimum time before labeled cells reach the various stages of
meiosis. In plants it has often proved difficult to label meiotic
chromosomes at a controlled time because of the obvious difficulties
in uptake and translocation of isotopes associated with cellulose
cell walls and the absence of a rapid transport system. There are
at least 4 non-autoradiographic sampling methods that have been reported
as follows:

1) attached spikelet (in vivo): the duration of meiosis and
its constituent stages may be determined by excising single anthers
or part of one anther from a floret at known intervals. This method

has been used by Ernst (1938) (cf. Bennett, 1971), Steinitz (1944),
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Taylor (1953), and Bennett, Chapman and Riley (1971).

2) cultured anthers: this method involves the determination of
the meiotic stage in one anther and simultaneously removing and
culturing other anthers from the same flower and observing their
meiotic development over known periods. This method has been adopted
by Taylor (1950) and many others.

3) cultured pollen mother cell (in vitro): this method was

successfully used by Ito and Stern (1967) in Lilium longiflorum and

Trillium erectum.

4) relative duration: to find the relative duration of the
various stages of meiosis it was assumed that in a representative
sample of pollen mother cells every stage would be present in a
proportion corresponding to the time required to each stage. This
method was first developed by Laughlin (1919) and adopted by Ernst
(1938) (cf. Steinitz, 1944), Steinitz (1944), and Maguire (1970).

For this thesis, Laughlin's (1919) method has been adopted to
estimate not only the 13 stages in meiosis but also the 15 stages
in pollen maturation. Laughlin (1919) demonstrated the mathematical
and biological soundness of a statistical and cytological method of
measuring both the relative and absolute durations of the several
arbitrarily delimited stages in cell division.

The formula developed by Laughlin (1919) to estimate the relative
duration of a given melotic stage is as follows:

Stage index (S.I.) = No. cells in a given meiotic stage

Total number of meiotic cells observed in
the same fields
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Average relative duration of a given meiotic stage

S.I. of the given stage in all observations
S.I. of all stages included in all observations

3
z

the average stage index of the given stage

To replace the stage index for predominant stage in one slide, the
relative duration of each of the 28 stages in this thesis could be
written as:

Relative duration (or relative frequency) (%)

No. of the given stage in all observations
No. of all stages included in all observations

100

Therefore, a higher relative frequency of a particular stage is an
indication of a longer duration of that stage.

The frequency of each of the 28 stages of MSG in upper and lower
flowers was determined separately from an examination of 3,543 spikelets.
These spikelets were sampled from four different positions (or areas)
of a tassel (Figure 3.1) that included different tassel maturities
and included 30 genotypes (Section 3.9.3). A tassel is sampled as
soon as melosis commences (leptotene) and sampled constantly thereafter
among plants of each genotype until pollen shedding. These 3,543
spikelets are included in the complete sample and represent the
different parts of a tassel of various maturities and from a wide
assortment of genotypes. The sampling includes both the upper and
lower flowers from 3,542 spikelets. The stages of the upper and lower
flowers of the same spikelet are recorded separately but retained as
a pair for purposes of comparison. From these paired comparisons the

frequencies of the 28 stages of the upper and lower flowers are

established.
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In order to determine whether a particular set of flowers (upper
or lower) is valid in the estimation of the relative duration of each
stage, the frequency of each stage estimated fr&r upper flowers is
compared to that estimated from the lower flowers and this was tested
by a‘chi-square (xz) test. If the null hypothesis is not rejected,
i.e., the frequency of each of the 28 stages estimated by each set of
flowers is similar, it would be reasonable to combine the frequency
of each stage of the upper and lower flowers into an estimate of common
frequency. This would be more reliable than that afforded by using
only one set of flowers. If the null hypothesis is rejected in the
x2 test, the alternative is to utilize either the upper or the lower
flower.

The frequencies of the 28 steps of MSG and the x2 test’of each
of the 28 stages of both upper and lower flowers are given in Table
4.1. Of the 28 stages, 13 are in meiosis and the remaining 15 are in
pollen maturation.

For the meiosis and premeiosis periods, the premeiotic and
leptotene stages are significantly more frequent among lower (617
in premeiosis, 495 in leptotene) than upper (139 in premeiosis, 244
in leptotene) flowers (Fig. 4.1). However, among the other 12 (of 13)
meiotic stages, the two flowers (upper vs. lower) do not differ
significantly in the frequencies of each of the stages. The results
imply that when the upper flowers have completed meiosis and are

progressing toward pollen maturation, a large number of lower flowers

of the same spikelets are in the premeiotic or leptotene stages.



107

Table 4.1. Comparison of the observed frequencies of each of the
28 arbitrarily chosen stages in microsporogenesis (MSG)
in upper and lower flowers of the same spikelets

1 2 3 4
Frequency Frequency Chi-square
a in upper in lower 2.b
Stages flower flower (x7)
Premeiosis 139 617 149.39%%
1. Leptotene 244 495 42 . 34%%
2, Zygotene 176 211 1.58
3. Pachytene 69 75 0.13
4, Diplotene 40 33 0.34
Meiosis 5. Diakinesis 41 46 0.14
6. Metaphase I 25 23 0.04
7. Anaphase I 9 9 0.00
8. Telophase I 9 7 0.13
9. Interphase 10 8 0.11
10. Prophase II 2 3 0.10
11, Metaphase II 22 24 0.04
12, Anaphase II 12 22 1.47
13. Telophase II 16 8 1.33
14, Tetrad 205 139 6.33%
15, Microspore 0.5 21 17 0.21
16. Microspore 1.0 304 229 5.28%
17. Microspore 1.5 24 18 0.43
18, Microspore 2.0 192 162 1.27
19. Microspore 2.5 44 39 0.15
20, Microspore 3.0 407 268 14,31 %*
Pollen 21. Microspore 3.5 214 139 7.97%%
maturation 22, Microspore 4.0 352 165 33,.82%*
23, Microspore 4.5 106 87 0.94
24, Microspore 5.0 117 140 1.03
25, Microspore 5.5 150 182 1.54
26. Microspore 5.8 137 134 0.02
27. Microspore 6.0 349 234 11.34%%
28, Microspore 6.5 107 10 40,21%*
Total 3,543 3,543 643,97%%

dNumbers 1 through 28 preceding each stage represent coded stage
of MSG,

bx2 value for a ratio of 1 upper flower:1l lower flower,

*
P < .05,
*%
P < .01,



Figure 4.1. Observed frequencies of upper and lower flowers in the various stages of
microsporogenesis (MsG) 2

ALEP = leptotene INT = interphase
ZYG = zygotene PRO-II = prophase 11
PAC = pachytene M-I1 = metaphase II
DIP = diplotene AN-II = anaphase Il
M-I = metaphase 1 TEL-II = telophase II1

AN-I = anaphase I TET = tetrad

TEL-1I = telophase 1 MIC = microspore.

*%
P<.01‘
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The pollen maturation period shows much more striking differences
in stage of development between upper and lower flowers. For example,
seven out of the 15 stages of the upper flowers are significantly
more frequent than the lower flowers (Fig. 4.1) because a considerable
number of the lower flowers have been identified in the premeiotic
and leptotene stages as mentioned above. This is not unexpected
because approximately 77% of the upper flowers in contrast to 557%
of the lower flowers are distributed among the stages of pollen matura-
tion (Table 4.1). The frequencies of most stages of pollen maturation
of the lower flowers are thus reduced and result in significant
differences in the frequencies between upper and lower flowers at
certain stages of MSG..

Based on the above x2 test, an attempt to combine the frequency
of each stage of the upper and lower flowers into a common estimate
is rejected. In view of this, which set of flowers, then, should be
chosen as an assay in the estimation of the relative frequency of
each of the 28 stages? It is found that the lower flowers are always
late in the onset of meiosis. As the upper flowers have undergone
meiosis most lower flowers of the same spikelets either have not
initiated meiosis or are at the very early meiotic stage such as
leptotene. As a consequence, when this set of 3,543 spikelets was
assayed, it is evident that the distribution of the lower flowers is
blased or overlaps on the early melotic stages. On the other hand,
the distribution of the lower flowers in the latest two stages

(mic. 6.0 and mic. 6.5) is also biased in the opposite direction because
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only a small number of the lower flowers are located among these
stages. Therefore, for a more judicious estimation of stage duration
the upper flowers were chosen in the estimation of relative frequency
of each of thé 28 stages in MSG.

4.1.3. The relative duration of each stage or step

4.1.3.1. Tassel maturities and their relative duration ° In

this study, four tassel maturities that include a series of stages

have been arbitrarily identified. For each tassel sampled, 2 spikelets
from each of the four positions were collected and the stages determined
by microscopic examination. If the average value for each stage in
MSG (in cumulative frequency, see Section 4.1.4) of these 8 upper
flowers falls in a range of leptotene to telophase II (CF = 0 -

19.83), this tassel is then assigned as maturity 1 (Table 4.2,

columns 2 and 4). Maturity 1 includes 13 meiotic stages, while
maturities 2, 3 and 4 include 5 stages each (Table 4.2, column 3).

Each stage occupies a relative length of the total MSG period and

is expressed in cumulative frequency (see Section 4.1.4). The ranges
of stages of MSG and their corresponding cumulative frequencies used
for the classification of each of the 4 tassel maturities are given

in Table 4.2, columns 2 and 4, 1In some late flowering genotypes such
as Colombian varieties, the stages of MSG were less advanced due to
lower temperature although the tassels already matured. Therefore,

the classification of the tassel maturity of this group was adjusted
accordingly. The relative duration (in cumulative frequency) of each
maturity i1s listed in Table 4.2, column 5. For maturity 1, the

relative duration is 19.83, the shortest duration among the 4



Table 4.2. Distribution of tassel samples among 4 tassel maturities of microsporogenesis (MSG)
among 30 genotypes
1 2 3 4 5 6 7 8
Tassels sampled
Relative Average no.
Tassel Stages in No. Range in duratign Relative for
maturities MSG stages cF2 {in CF) Frequency frequency each genotype
1 Leptotene 0
to 13 to 19.83 98 20.46 3.27
Telophase II 19.83
2 Tetrad 19.83
to 5 to 21.91 116 24,22 3.87
Microspore 2.0 41.74
3 Microspore 2.5 41.74
to 5 to 33.00 146 30.48 4.87
Microspore 4.5 74.74
4 Microspore 5.0 74,74
to 5 to 25.26 119 24.84 3.97
Microspore 6.5 100.00
Total 28 100.00 479 100.00 15.98
8CF = cumulative frequency: see Section 3.1.2 (Definition of terms).

€11
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maturities. This means that maturity 1 tassels occupy 19.83% of
whole MSG period during the development of microspores. The longest
relative duration is found in maturity 3 (CF = 33.00).

If the tassel samples are normally distributed throughout the
whole MSG period among all genotypes, it is expected that more tassel
samples were located in tassel maturity 3 than tassel maturity 1.

The distribution of the total tassel samples for each maturity of 30
genotypes is listed in Table 4.2, column 6. The average number of
tassels sampled for each genotype in maturities 1, 2, 3 and 4 are
3.27, 3.87, 4.87 and 3.97, respectively. Approximately 16 tassels
are sampled from each genotype. The relative frequency of tassel
samples for each maturity is given in Table 4.2, column 7.
Apparently, the relative frequency (column 7) of tassel samples in
each of the 4 maturities is very close to the relative duration
(column 5) of the corresponding maturity. This indicates that the
tassel samples throughout the whole MSG are normally distributed.
This in turn is an indication that the sampling was done at a constant
time period during the whole MSG.

4.1.3.2. The relative duration of each stage The relative

duration of each of the 28 stages of MSG can be predicted by the
relative frequency of thrt stage if sampling is done at a constant

time period throughout the MSG period. As mentioned above, to find the
relative duration of the various stages of meiosis it was assumed that
in a representative sample of meiocytes or microsporocytes every

stage would be present in a proportion corresponding to the time

required to each stage.
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In this study, 3,543 spikelets were collected from 4 different
positions of 479 tassels of four tassel maturities. This total sample
includes 30 genotypes. These 3,543 spikelets constitute a broad
representation of spikelet samples because they cover all phases of
flower development during the whole MSG period. The use of the upper
flower has proven the more valid source of data in the estimation of
the duration of the 28 stages (Section 4.1.2).

The relative duration of each of the 28 stages in MSG is listed
in Table 4.3, column 4). The leptotene (No. 2) and zygotene (No. 3)
stages occupy 7.1687%7 and 5.170% of the MSG period, respectively
(numbers following stage refer to sequential number, Table 4.3,
column 2). On the other hand, it only takes 0.059% of the total MSG
period to complete prophase II (No. 10) during meiosis. It is evident
that the early meiotic stages occupy a longer duration. For instance,
of the 13 meiotic stages each of the 8 from metaphase I until telophase
II occupies less than 1% of MSG period (Table 4.3, column 4). For
meiotic duration, 13 stages occupy approximately one-fifth (19.828%)
of the MSG period (Table 4.3, column 5).

Approximately four-fifths (80.172%) of the MSG period is occupied
by the 15 arbitrarily defined pollen maturation stages. As expected,
the relative duration in most of the stages of pollen maturation are
longer than most meiotic stages. For example, each of the following
arbitrarily defined pollen maturation stages has a duration longer
than 57 of the MSG period (numbers following stage refer to sequential
numbers, Table 4.3, column 2): tetrad (No. 14), mic. 1.0 (No. 16,

early non-vacuolate microspore), mic. 2.0 (No. 18, vacuolate microspore),
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Table 4.3. Relative duration of each of the 28 stages during micro-
sporogenesis (MSG) estimated from the upper flowers of
3404 spikelets

1 2 3 4 5
Frequency Relative Cumulative
Stages Observations frequency frequency
) (CF)
Premeiosis (139)

12 Leptotene 244 7.168 7.168

2. Zygotene 176 5.170 12.338

3. Pachytene 69 2,027 14,365

4. Diplotene 40 1.175 15,540

5. Diakinesis 41 1.204 16.744

6. Metaphase I 25 0.734 17.478

Meiosis 7. Anaphase I 9 0.264 17.742
8. Telophase I 9 0.264 18.006

9, Interphase 10 0.294 18.300

10. Prophase II 2 0.059 18.359

11. Metaphase Il 22 0.646 19.005

12, Anaphase I1I 12 0.353 19.358

13, Telophase II 16 0.470 19.828

14, Tetrad 205 6.022 25.850

15. Microspore 0.5 21 0.617 26.467

16. Microspore 1.0 304 8.931 35.398

17. Microspore 1.5 24 0.705 36.103

18. Microspore 2.0 192 5.640 41.743

19. Microspore 2.5 44 1.293 43.036

Pollen 20. Microspore 3.0 407 11.957 54,993
maturation 21, Microspore 3.5 214 6.287 61.280
22. Microspore 4.0 352 10.341 71.621

23, Microspore 4.5 106 3.114 74,735

24, Microspore 5.0 117 3.437 78.172

25, Microspore 5.5 150 4.407 82.579

26. Microspore 5.8 137 4,025 86.604

27, Microspore 6.0 349 10.253 96.857

28. Microspore 6.5 107 3.143 100.000

Total 3,404P 100, 000

aFigure preceding each stage represents the coded stage of MSG.

bNot: included observations of premelosis.
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mic. 3.0 (No. 20, vacuolate microspore), mic. 3.5 (No. 21, vacuolate
microspore), mic. 4.0 (No. 22, vacuolate pollen) and mic. 6.0 (No. 27,
tri-nucleate pollen). Among the above stages, mic. 3.0, mic. 4.0 and
mic. 6.0, each occupies a duration longer than 107 of MSG period

(Table 4.3, column 4). Imn contrast to this, mic. 0.5 (the mixed
stages of tetrad and early non-vacuolate microspore) and mic. 1.5
(early vacuolate microspore) each only occupies less thaﬁ 1% of the MSG
period.

As expected, each step or stage in MSG occupies an identifiable
duration. Certain stages require a longer period of time to complete
a particular step, while other stages may require only a very short
period of time to complete a step. The use of the relative duration
as a quantitative assay for determining the development of microspores
will be considered as the basis for the comparison between upper and
lower flowers in this study.

4.1.4. Cumulative frequency

In practical terms, cumulative frequency (CF) is the most important
indicator of stage of development because it identifies the actual step
of microspore development. The cumulative frequencies of each of the
28 stages are given in Table 4.3, column 5. The cumulative frequency
of a particular stage is the amount of time relative to the total up
to that stage. The total relative frequencies of the 28 stages
constitute a cumulative frequency of 100. As an example, 14.365% of
the whole MSG period is utilized to reach the pachytene stage and 100%

of the MSG period is reached at the final mic. 6.5 stage.
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Two questions will be asked in this section: First, what is
the significance in the utilization of the cumulative frequency in
this study? Secondly, why is it necessary to adopt the relative stage
duration for quantitative studies of the development of microspores?
This will be discussed in the following Sections (4.1.4.1 and

4.1.4.2).

4.1.4.1. The role of cumulative frequency (CF) in microspore
development The cumulative frequency (CF) plays an important role
in two respects. First, it identifies the level of advance of the
stage in MSG quantitatively or numerically. Secondly, it provides a
convenient method in the estimation of the time interval between any
two stages of MSG. Cumulative frequency defines all of the 28 stages
of MSG that occupy 100% of the time period. These 100 units are used
as a scale in the measurement of the advance in the stages of MSG
from leptotene until pollen shedding. In this scale, each of the 28
stages identifies a different position in terms of the development
of microspores. The more advanced stage identifies a higher cumulative
frequency and the less advanced stage identifies a lower cumulative
frequency. Under no circumstance can two stages identify the same
position on the scale,

Being a numerical value that identifies the level of advance in
the stage of the development of microspores, the cumulative frequency
may serve as a valid tool in the analysis of variance of the rate of
microspore development in upper flowers and lower flowers. The

cumulative frequency (CF) may also be used in the measurement of the
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developmental differences of microspores between upper and lower
flowers.,

The time interval (U:L) is used in thils thesis as a measure
of the time period between any two stages of the upper (U) and
lower (L) flowers. It is obtained by substracting the cumulative
frequency of the less advanced stage (of the lower flower) from the
cumulative frequency of the more advanced stage (of the upper flower).
As an example, if the upper flower (U) is in the tetrad stage and
the lower flower (L) of the same spikelet is in leptotene stage, the
time interval (U:L) that separates the upper and lower flowers is
18.682 (25.850-7.168)% of the whole MSG period (Table 4.3, column
5).

4.1.4.2. The relative stage duration: A valid tool in conducting

quantitative studies of the development of microspores The cumulative

frequency is diagrammed along a pathway of the 28 steps in Fig. 4.2.
The cumulative frequency of the 28 steps from leptotene to mic. 6.5
was estimated from a sampling of 3,404 upper flowers. The relative
period of time required to complete the stage of development is
different for each of the 28 steps. For example, the first three
stages of meiosis, leptotene, zygotene and pachytene, occupy 72.447%
of the whole meiosis period while the 5 stages of meiosis II occupy less
than 10% of whole meiosis period (Table 4.5, column 5). During the
maturation of pollen grains, a considerable amount of time is spent
in the stages of mic. 3.0 (CF = 11,957), mic. 4.0 (CF = 10.341) and
mic. 6.0 (CF = 10.253) while a short time is spent in mic. 0.5

(CF = 0.617) and mic. 1.5 (CF = 0.705) (Table 5.4, column 4).
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Figure 4.2. Cumulative frequency (CF) of the observations of upper flowers in the various stages
of microsporogenesis (MsG)?

4LEP = leptotene INT = interphase
ZYG = zygotene PRO-II = prophase II
PAC = pachytene M-II = metaphase II
DIP = diplotene AN-I1 = anaphase II
DIA = diakinesis TEL-II = telophase II
M-I = metaphase I TET = tetrad

AN-I = anaphase I MIC = microspore

TEL-1I = telophase 1
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Since the relative duration of each of the 28 stages is different,
it is not valid to adopt the number of stages that separates micro-
spore development of the upper and lower flowers as a measure of
the time interval. As an example, the time interval (U:L) between
pachytene and leptotene is separated by two stages yet telophase II
and metaphase II are also separated by two stages. 1Is, then, the time
interval (U:L) in both cases the same? They are not the same because
the stage durations are different. For example, the time interval
(U:L) that separates leptotene and pachytene is 7.197 (14.365-

7.168)% of the MSG period while the time interval (U:L) that separates
metaphase II and telophase II is 0.823 (19.828-19.005)% of the MSG
period (Table 4.3, columa 5). Although the time interval is

separated by two stages in both cases, the time interval (U:L)

is about 8.7 (7.197/0.823) times longer in the former case than in the
latter case. This i1llustrates the use of relative stage duration

as a valid tool in conducting quantitative studies of the development
of microspores.

4.1.5. The relative duration of several cytological periods during MSG

Following thelr survey of cytoplasmic male sterility Laser and
Lersten (1972) proposed a diagrammatic scheme of normal microsporo-
genesis (MSG) which included eight cytological stages beginning with
the onset of the sporogencus cell division and ending in the tri-
nucleate pollen stage. In this study, CF begins with the ieptotene
stage instead of the sporogenous cell stage and ends in the tri-

nucleate pollen stage when the pollen is shed.
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The relative frequencies of each of the eight cytological
periods or stages are estimated from a total of 3,404 upper flowers
and are listed in Table 4.4, column 4. Approximately ome~fifth
(19.83%) of the MSC period was spent in the process of meiosis and
within this meiotic period 92.3% (18.30/19.83) occupied meiosis I.
Meiosis II, on the other hand, occupied only 1.53% (19.83-18.30) of
the total MSG period or 7.7% (1.53/19.83) of meiosis period.

Approximately four-fifths (80.17%) of the whole MSG period is
spent in the maturation of pollen grains. The tetrad stage consumes
6.64% of the MSG period where four newly formed young microspores are
still held together by callose. This is followed by the dissolving
of the callose and release of four haploid non-~vacuolate microspores.
The non-vacuolate microspore stage occupies 9.64% of MSG period and
is followed by the enlargement of the vacuole and thickening of the
pollen wall. The largest part of the MSG period (25.18%) is occupied
in the vacuolate microspore stage. This is followed by the vacuolate
pollen stage, 10.347% of the total MSG, at which time microspore
mitosis takes place in yielding a generative cell and a vegetative
(or tube) nucleus. It then takes 14,98% of the MSG period to complete
the engorged pollen stage where the vacuole gradually disappears
and starch or other food such as protein and lipid reserves begin
to appear. In the last step of MSG, the tri-nucleate stage, two
elongate sperm nuclei are formed following mitosis of the generative
cell and the vacuole completely disappears. This stage consumes

13.39% of the MSG period leading to completely mature shedding pollen.
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Table 4.4. Duration of meiosis and pollen maturation during
microsporogenesis (MSG)

1 2 3 4 5
Relative
Relative Eight periods frequency Cumulativg

MSG duration® in MSG (%) frequency
Meiosis I 18.30 18.30

Meiosis 19.83%
Meiosis II 1.53 19.83
Tetrad 6.64 26.47
Early
non-vacuolate 9.64 36.11
microspore

80.17% Vacuolate 25.18 61.29

microspore

Pollen

maturation Vacuolate 10.34 71.63
pollen
Engorged
binucleate 14.98 86.61
pollen
Tri-nucleate 13.39 100.00
pollen

a,b

»Csee Section 3.1.2 (Definition of terms).
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4,1.6. Relative frequencies of meiotic stages

During the life cycle of a plant, melosis plays an important
role because it provides the period when recombination of genetic
material may take place. In the f£inal step, haploid genomes emerge
carrying the genetic information for the next generation. During the
whole meiosis period, important biochemical and metabolic events take
place in order to accommodate the needs of the various processes of
meiosis.

In this section, consideration will be given to the relative
length of time required for each of the 13 meiotic stages. As
described in the previous sections, a total of 3,543 upper flowers
were examined, of which 3,404 flowers were in the 28 arbitrarily
defined stages of MSG and the remaining 139 flowers were in a pre-
meiotic stage and thus not included in this study. Of the 3,404
flowers, 675 were in melotic stages and these include spikelets
collected from various parts of a tagsel among 30 genotypes.

As shown in Table 4.5, column 5, approximately 90% of the total
meiotic period occupies meilosis I and approximately 107, meiosis II.
Most of meilosis I is spent in leptotene (36.15%) followed by zygotene
(26.07%) and pachytene (10.22%). On the other hand, only 0.37 of
meiotic period was spent in prophase II. It takes only a short period
of time to complete the development of certain stages such as anaphase
I (1.33%), telophase I (1.33%), interphase (1.48%), prophase II

(0.30%), anaphase II (1.78%) and telophase II (2.377%).
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Table 4.5. Relative duration of each of the meiotic stages

1 2 3 4 5
Relative
Frequency frequency Cumulative
Meiosis Stages observation (%) frequency
Leptotene 244 36.15 36.15
Zygotene 176 26.07 62.22
Pachytene 69 10.22 72.44
Diplotene 40 5.93 78.37
MI Diakinesis 41 6.07 84.44
Metaphase I 25 3.71 88.15
Anaphase 1 9 1.33 89.48
Telophase I 9 1.33 90.81
Interphase 10 1.48 92.29
Prophase II1 2 0.30 92.59
MII Metaphase II 22 3.26 95.85
Anaphase II 12 1.78 97.63
Telophase II 16 2,37 100.00
Total 675 100.00

aFrequency observation is estimated from the 675 upper flowers.

bﬁg“ P > L T B 4« T - D e}
See Section 3.1.< (Derinition ©

+h
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4,2, Relationship Between Upper (U) and Lower (L)
Flowers in the Development of Microspores

In this study "development of microspores' describes the advancing
stages of microsporogenesis (MSG) and this includes meiosis and pollen
maturation.

The two methods used in this section to measure the interrelation-
ship between upper and lower flowers in the development of microspores
include correlation and regression studies, With the correlation
method it is possible to ascertain the intensity of association
between upper and lower flowers in the development of microspores.

The regression method is mainly of a predictive value; that is, it
is useful in making an approximate prediction of the stages of micro-
spore development of upper flowers from observations of the stages
of lower flowers once the regression equation has been established.

In the present section, attention is focused on the interrelation-
ship in microspore development between the two florets of the same
spikelet as affected by genotype. Florets from each of the spikelets
was examined under the microscope randomly without classification
for spikelet position and the tassel maturity of each genotype. Each
of the stages of MSG of both the upper and lower flowers of the same
spikelet were recorded separately but retained as pairs for use in
correlation and regression studies.

Are the microspores of the upper and lower flowers related in
their developmental pattern in each genotype? If the answer to

this question is positive, then what is the degree of relationship?
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With this information it will then be possible to test the hypothesis
that several correlation coefficients (r's) of genotypes within

each genotype group have the common population correlation coefficient
(p) and if this is verified, these genotypes can be combined into

an estimate of p. Finally, it will also be possible to predict
within the same spikelet the stage of the upper flower from the
observed stage of the lower flower and apply a confidence interval

to this prediction.

4,2.1, Correlation study

The correlation coefficient (r) between upper and lower flowers
in the development of microspores of the genotypes of 5 groups is
given in Table 4.6, column 4. A highly positive correlation exists
between the upper and lower flowers of the same spikelet in the
development of microspores of each of the 30 genotypes. The correla-
tion coefficient(s) between upper and lower flowers in the development
of microspores among 30 genotypes range from r = 0.81 to r = 0.98
(Table 4.6, column 4). As a summary to the conclusions that follow
the above two questions, it is evident that there is a strong
correlation in the intensity of association between upper and lower
flowers in the development of microspores among each of the 30
genotypes.

Because of the highly positive correlation among genotypes of
each group, consideration is now given to test the null hypothesis
that these correlation coefficients of a group originmate from a
common population. If the null hypothesis is not rejected, several

r values of a genotype group can be combined into a population
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Table 4.6. Test of the hypothesis of a common p and estimate of p?

1 2 3 4 5 6 7

Weighted Weighted

Genotype b e d Z square ,
Groups Genotypes n-3" r Z =(n-3)2 =(n-3)Z
1. A3G 9% 0.97 2.09 201.03 419.34

2. F1B1(B2xFe-2) 66 0.94 1.74 114.84 198.98

3. Hy 137 0.96 1.95 267.15 519.06

4. 1159 82 0.95 1.83 150.06 275.79

5. 1224(Al) 113 0.95 1.83 206.79 378.43

6. Ind46l 109 0.96 1.95 212.55 414.47

7. LE23 98 0.86 1.30 127.40 164.42

8. 0s420 92 0.96 1.95 179.40 349.83

Inbreds 9. Tr-9 80 0.98 2.30 184.00 421.93
10. Ind456 101 0.95 1.83 184.83 338.24

11. 11112-E 61 0.98 2.30 140.30 322.69

12, CI187-2 92 0.93 1.66 152.72 253.14

13. CI540 76 0.97 2.09 158.84 331.98

26. 8'4913 110 0.96 1.95 214.50 418.28

28. 8'4909 93 0.96 1.95 181.35 353.63

29. 8'4906 116 0.93 1.66 192.56 319.65

30. 8'4903 89 0.94 1.74 154.86 269.46

Total 1611 0.95 3022.68 5749.32

(average)
2¢ 2 0.01

X~ =77.9 > = 32.00

X 4f=16

ap = the population correlation coefficient between upper and
lower flowers in microspore development,

bn = no. of spikelets.

°r = the sample correlation coefficient between upper and lower
flowers in microspore development.

dZ = l/2[loge(1+r)—1oge(l-r)], the transformation of r.

&2 = £(n-3)2%-[2(n-3)22) /2 (n-3).
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Table 4.6. (continued)

1 2 3 4 5 6 7
Weighted Weighted
Genotype b c d Z square ,
Groups Genotypes n-3 r A =(n-3)Z =(n-3)Z
14. 3'1624 92 0.92 1.59 146.19 232.34
Tetra- 15. 3'1367 128 0.96 1.95 249.09 484.71
ploids 16. 3'1622 85 0.91 1.52 129.88 198.34
Total 305 0.93 525.16 915.39
(average)
2 oaanas > 200 g
L] df=2 -
17. Ac406 97 0.92 1.59 154.23 245,23
Mexican 18. Ac4l5 125 0.94 1.73. 217.25 377.51
varieties 19. Ac420 119 0.91 1.52 181.83 277.84
20. Ac421 133 0.95 1.83 243,66 446,34
Total 474  0.93 796.97 1346.92
(average)
2 2 0.05 _
X = 6.92 < X gf=3 = 7.81
Colombian 21, Acll6 100 0.81 1.12 112.70 127.05
varieties 22, Ac440 97 0.91 1.52 148.22 226.47
Total 197 0.86 260.92 353.52
(average)
2 _ 2 0.01 _
X = 7.9 > X" gg=1 6.63

23. 8'4913/4907 93 0,93 1.65 154.19 255.73

24. 8'4909/4910 75 0.95 1.83 137.40 251.72

Hybrids 25. 8'4902/4913 66 0.94 1.73 114.71 199.36

36. Country 165 0.97 2.09 345.35 722.47

Gentleman
Total 399 0.95 751.65 1429.28
(average)

=1330 > 200 -1

Among groups Total 2986 5357.38 9794.43

(30 genotypes)

¥ = 182.40 > 2 0:01 49 59

df=29
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correlation coefficient (p) and this would be more reliable and
simpler than that afforded by any of the separate r values.
The general basis for this is that if the k normal variates Zi

are all estimates of the same mean u, but have different variance

2
ci ,
with (k-1) degree of freedom, where W

532 _ 2_ 2 2
then ZWi(Zi Zw) = ZWiZi (ZWiZi) /ZWi is distributed as x

i = —lf . In this application
g,

- i
Wi—ni 3 and

% = 2(-3)z% - [2(-3)2]2/2(n-3)
with k degree of freedom (Snedecor and Cochran, 1967, Chapter 7).
From the x2 test there is an indication that the null hypothesis
of a common p is rejected within each genotype group for some
groups such as inbreds, tetraploids, Colombian varieties and hybrids
but is not rejected in the group of Mexican varieties (Table 4.6).
Thus, with the exception of the Mexican varieties the correlation
coefficients (r) between upper and lower flowers among genotypes
of each group on the development of microspores are not homogeneous
and therefore cannot be combined into a population correlation
coefficient (p) for each genotype group in spite of a highly positive
correlation among each of the 30 genotypes. This implies that the
relationship between upper and lower flowers on the development of
microspores among genotypes within each of the groups is different
except for the Mexican varieties. The combined correlation coefficient
for Mexican varieties is 0.93 (Table 4.6, column 4).

When the 30 genotypes of the 5 groups were pooled, the XZ test

(Table 4.6, 'among groups') also indicated that a null hypothesis of
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a common population correlation coefficient (p) was rejected. This
indicates that the 30 r values did not originate from a common
maize population. Among the five groups, the correlation between
upper and lower flowers in the development of microspores is highest
among the inbreds (r=0.95) and hybrids (r=0.95), followed by the
tetraploids (r=0.93) and the Mexican varieties (r=0.93) and lowest
in the Colombian varieties (r=0.86) although the r is highly
significant for each of the 30 genotypes (Table 4.6).

4.2.2. The coefficient of determination (r2)

The coeffiﬁient of determination (rz) can be adopted to appraise
the intensity of the relationship between upper and lower flowers
of the same spikelet in the development of microspores. The value,
rz, may be described as the proportion of the variance of the upper
flower that can be attributed to its linear regression on the lower
flower. The quantities of r2 are shown in Table 4.7 for a range
of values of r.

An average of 88% (Table 4.7, column 5, 'among groups') of
the variation in the development of microspores of the upper flower
can be attributed to its linear regression on the development of
microspores of the lower flower among 30 genotypes. In the inbreds
Tr-9(r=0.98) and I1l 12-E (r=0.98), 967 [r2=(0.98)2=0.96] (Table 4.7,
column 5) of the variance of the development of microspores of the
upper flower is explainable by a linear relation with that of the
lower flower and only 4% of the variance of the upper flower can be

attributed to some other unknown source that is not associated with
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Table 4.7, Estimated proportion of the variance of the development
of the upper flower associated with the lower flower in
a linear regression among 30 genotypes

1 2 3 4 5
Genotype No. of a 2b
groups Genotypes spikelets r r

1. A3G 99 0.97 0.93
2. F1B1(B2xFe-2) 69 0.94 0.88
3. Hy 140 0.96 0.92
4. I159 85 0.95 0.91
5. I224(Al1) 116 0.95 0.90
6. Ind461 112 0.96 0.91
Inbreds 7. LE23 101 0.86 0.75
8. 0s420 95 0.96 0.93
9. Tr-9 83 0.98 0.96
10. Ind456 104 0.95 0.90
11. I1112-E 64 0.98 0.96
12, C1187-2 95 0.93 0.87
13. CI540 79 0.97 0.95
26. 8'4913 113 0.96 0.93
28, 8'4909 96 0.96 0.91
29. 8'4906 119 0.93 0.86
30. 874903 92 0.9 0.88
Average 97.76 0.95 0.90

8r = the correlation coefficient between upper and lower flowers

in microspore development.

er = the coefficient of determination.
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Table 4.7. (continued)

1 2 3 4 5
Genotype No. of a 2b
groups Genotypes spikelets r r

14, 3'1624 95 0.92 0.85

Tetra- 15. 3'1367 131 0.96 0.92

ploids 16. 3'1622 88 0.91 0.83

Average 104,67 0.93 0.87

17. Ac406 100 0.92 0.85

Mexican 18. Ac4l5 128 0.94 0.87

varieties 19. Ac420 122 0.91 0.83

20, Ac421 136 0.95 0.90

Average 121.5 0.93 0.86

Colombian 21. Ac436 103 0.81 0.66

varieties 22. Ac440 100 0.91 0.82

Average 101.5 0.86 0.74

23, 8'4913/4907 96 0.93 0.87

24, 8'4909/4910 78 0.95 0.90

Hybrids 25. 8'4902/4913 69 0.94 0.89

27. Country Gentleman 168 0.97 0.94

Average 102.75 0.95 0.90

Among Average 102.53 0.9 0.88
groups Total 3076
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the lower flower. This is in contrast to the Colombian variety,
Ac436 (r=0.81), where only 66% of the variance in the development of
microspores of the upper flower is associated with that of the lower
flower (Table 4.7, column 5). The higher the r2 value the higher
the intensity of the relationship between upper and lower flowers

in their microspore development.

Among genotype groups, the highest r2 values are found in the
inbreds (r2=0.90) and hybrids (r2=0.90), followed by tetraploids
(r2=0.87) and Mexican varieties (r2=0.86) and lowest among Colombian
varieties (r2=0.74). Based on these results a linear regression of
the development of microspores of the upper flower on its lower
flower is evident from the coefficient of determination (rz).

4.2.3. Regression of upper flower on lower flower in the development

of microspores

The objective of this regression study is to predict the stage
of MSG of the upper flower (Y) from the measured stage of lower
flower (X).

The equation of any straight line may be written in the form
Y = atb X (Fig. 4.3). Any point (X,Y) on this line has an X
coordinate or abscissa and a Y coordinate or ordinate whose values
satisfy the equation. Coordinates of points not on the line do not
satisfy the equation. When X = 0, Y = a s0o that a is the point where
the line crosses the Y axis, that is, a is the Y intercept. A unit
change in X results in a change of the b unit in Y so that b is a

measure of the slope of the line. When a straight line has to be
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fitted to data consisting of more than two pairs of values, one
must choose that line which "best" fits the data, the one which is
the "best" moving average, this is, the one that requires the sum
of the squares of the deviations of the observed points from the
straight-line moving average be a minimum (see Fig. 4.3). For such
a "fitted" line, b is called the regression coefficient, the line
is called a regression equation (Steel and Torrie, 1960, Chapter 9).

The sample fégression equation of the stage of MSG of the
upper flower (9) on the stage of the lower flower (X) is written as

$=T+b (XX = §-bX +bX

= a4+ b X ~emm—— Equation (4.1)

Where ¥ 1is the predicted stage of the upper flower, X is any
measured stage of the lower flower of the same spikelet and X and ¥
are the average stage of the lower and upper flowers, respectively.
All the measured and predicted stages are expressed by a numerical
quantity, the cumulative frequency (CF). The CF of each of the 28
stages of MSG 1s given in Table 4.3. The intercept (a) and the
correlation coefficient (b) of each genotype are given in'Table 4.8,
The approximate stage of the upper flower (?) can be predicted from
the measured stage of the lower flower (X) of the same spikelet by
substituting the value of X, a and b of a given genotype into the
equation 4.1. Using inbred Hy as an example and assuming the 1§wer
flower is in the leptotene stage. Thus,

X = 7,168 (Table 4.3, column 5)

a=19,26, b = 0.88 (Table 4.8, colummn 7).
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Figure 4.3, Straight-line graph.



Table 4.8. Constituent components in the regression of the stage of upper flower (Y) on the
observed stage of lower flower (X) in microspore development (in cumulative
frequency) among 30 genotypes

1 2 3 4 5 6 7 8
Groups Genotypes No. of _ -2 1 2 3
(GRP) 4] spikelets X 2 (X~X) a b sy.x

1. A3G 99 34.58 121,120.63 12.05 0.9 8.97

2. F1B1(B2xFe-2) 69 31.57 52,339.40 16.64 0.90 9.09

3. Hy 140 30.39 153,919.81 19.26 0.88 8.85

4. 1159 85 41.90 82,663.60 19.25 0.83 8.28

5. 1224(Al) ilé 34.08 124,332.43 26.10 0.81 8.93

6. Ind461 112 38.34 126,026.03 17.63 0.90 9.45

7. LE23 101 26.42 59,670.99 18.05 0.86 12.18

Inbreds 8. 0s420 95 42.88 102,238.77 17.10 0.89 8.25

9, Tr-9 83 42,24 118,472.32 10.98 0.93 6.81

10. Ind456 104 32.25 101,206.99 17.15 0.91 9.72

11. T1112-E 64 60.23 55,774.10 22.69 0.80 5.00

12, C1187-2 95 29.82 105,549.32 21.69 0.86 11.42

13. CI540 79 39.52 95,651.58 13.10 0.89 5.38

26. 8'4913 113 37.38 142,120.22 13.99 0.91 8.96

28. 8'4909 96 36.58 99,603.70 20.16 0.86 8.65

29. 8'4906 119 33.81 122,070.58 20.86 0.87 11.10

30. 8'4903 92 16.08 31,374.84 12.49 1.13 7.77
la = the Y intercept when X = 0.
2b = the regression coefficient.

3

y-x

the standard deviation of Y for fixed X,

8€T



Table 4.8. (continued)

6€1

1 2 3 4 5 6 7 8
Groups Genotypes No. of _ -2 1 2 3
(GRP) ) spikelets X 2 (X-X) a b sy-x

14. 3'1624 95 31.60 104,977.65 19.59 0.89 12.77
Tetraploids 15. 3'1367 131 33.31 162,599.65 15.80 0.93 9.79
16. 3'1622 88 33.79 85,825.07 21.23 0.86 12.26
17. Ac406 100 31.22 65,951.21 16.16 0.95 10.18
Mexican 18. Ac4ls 128 41.82 137,067.5x 27.13 0.75 9.35
varieties 19. Ac420 122 51.97 102,629.54 28.69 0.75 9.82
20, Ac421 136 59.93 160,927.56 19.96 0.83 9.32
Colombian 21. Acé436 103 21.45 54,496.32 26.62 0.91 15.14
varieties 22. Ac440 100 40.53 60,581.20 31.48 0.75 8.68
23. 8'4913/4907 96 36.49 112,480.67 19.58 0.89 12.06
24, 8'4909/4910 78 29.61 54,270.32 20.19 0.93 8.06
Hybrids 25. 8'4902/4913 69 34,56 60,630.96 16.71 0.91 9.72

26. Country Gentleman 168 42.19 189,369.51 13.61 0.93 11.10
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The predicted stage of the upper flower can be obtained from
§=a+bX=19.26 +0.88 (7.168) = 25.57 --—- Data (4.1)

The cumulative frequency (CF) 25.57 corresponds to the tetrad stage

(Table 4.3, column 5). Thus, in reference to the example with

inbred Hy when the lower flower is in leptotene stage, the predicted

stage of the upper flower of the same spikelet is in the tetrad stage.
This same method of prediction can be used with another example

such as with the Colombian variety, Ac436. Assume the lower flower

is in the leptotene stage. Then,

X = 7.168 (Table 4.3), a = 26.62 and b = 0.91 (Table 4.8)

Y

a+bX=26.62+ 0,91 (7.168) = 33.14 ——-- Data (4.2)
The cumulative frequency 33.14 corresponds to the mic. 1.0 stage
(early non-vacuolate microspore) (Table 4.3).

A question arises as to the accuracy of this prediction. The
error of the prediction is unavailable and can be attributed to the

estimated standard error of ¥ (SQ). Where,

! =2
sQ=’-’Sy.x’\/ 1+ L + (X-X)

n % (X-%)

and sy-x is the standard deviation of Y for fixed X, n is the number
of observations investigated. The numerical values of sy-x, n, X
and Z(X—i)2 of each genotype are given in Table 4.8. As an example,
it may be desirable to predict the stage of the upper flower (?) of
the inbred Hy, when the measured stage of the lower flower (X) is

leptotene. From Table 4.8, n = 140, X = 30.39, £(X-X)° = 153,919.81,



141

= 8.85 and from Table 4.3, X = 7.168 (leptotene)

X
—y

So % - Sy-x«//;?+ ——%— + ig:ﬁ%—i

% (X-%)

3

1 (7.168-30. 39)

8'85/:+ T50° T 153,919 of 1
8.90

df = 138
0.05

For this and ? = 25.57 (Data 4.l1), the 957 confidence interval is

t S = 1.96 (8.90) = 17.44

given by

A
s Y+tg o5 5%

25.57 + 17.44

¥ - to.05 % $
25.57 - 17.44 <
813 Y § 43.01
Zygotene < Y { mic. 2.5 (Table 4.3)

Therefore, when the lower flower of the inbred Hy is in the leptotene
stage, the population value of the predicted stage of the upper flower
will fall between zygotene and the mic. 2.5 (vacuolate microspore)
stage unless a 1l-in-20 chance has occurred in the sampling.

A further example is illustrated by the Colombian variety Ac436.
If the measured stage of the lower flower is leptotene, what is the
95% confidence interval of the predicted stage of the upper flower?
From Table 4.8, n = 103, X = 21.45,2(X-%)2 = 54,496.32, Sy.x = 15.14

and X = 7.168 (leptotene)

-2
So 8§=3y.xA[L+ rll + (x-xzz
L(X-X)

5
= 1 (70168-21-45)
15'1",\/1 * 103 * 54,596.32

= 15.24
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and

¢ ng; 101 8§ - 19.82 (15.24) = 30.21

From this and ? = 33,14 (Data 4.2) the 95% confidence interval is

given by

A
Y+ ¢t

o

N N A
<5
IN N A

0.05 °%

33.14 + 30.21

Y- %05 5%

2.93

L

63.35

I\

Y

N\

leptotene mic. 4.0 (Table 4.3)

Thus, when the lower flower of the Colombian variety Ac436 is in the
leptotene stage, there is a 0.95 probability that the population value
of the predicted stage of the upper flower will fall between

leptotene and the mic. 4.0 stage (vacuolate pollen).

The confidence interval is narrow in the inbred Hy (zygotene -
mic. 2.5) but is wide in the Colombian variety Ac436 (leptotene -
mic. 4.0). This is because the Colombian variety Ac436 has the
greatest sample standard deviation from regression (sy-x = 15.14)
(Table 4.8) among all genotypes. This is attributed in this variety
to the small amount of the variance (r2 = 0.66, smallest of all of
the 30 genotypes) of the development of microspores of the upper

flower that can be assigned to its linear regression on the develop-

ment of microspores of the lower flower (Table 4.7).
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4.3. Influence of Genotype Groups, Genotypes, Tassel
Maturities and Spikelet Positions on the
Relationship Between Upper and Lower Flowers
in the Development of Microspores

It 18 evident from the previous sections that there is a
highly positive correlation or a linear regression between upper
and lower flowers on the development of microspores in each of the
30 genotypes. In the present section, consideration will be given
to the relationship among the developmental sequences of the two
florets of a spikelet. It is the various factors influencing this
relationship (upper to lower flower - U:L) of a spikelet that is
being questioned. The various effects considered are spikelet
position (Fig. 3.1), tassel maturity (Section 3.5), and genotypes
(Section 3.4). A total of 3,543 spikelets were examined, each with
an upper and a lower floret. These spikelets sampled from 4
different spikelet positions of each tassel of 4 different taséel
maturities and 30 genotypes will serve as basis for the data in this
section.

There are two approaches taken in this section regarding an
examination of the relationship between upper and lower flowers on
the development of microspores. In the first approach, analysis of
variance is carried out on the developmental difference (in cumulative
frequency) between upper and lower flowers of the same spikelet.

The cumulative frequency of each of the 28 stages of MSG is obtained

from the Table 4.3

The second approach deals with correlation or regression studies
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on the development of micrdspores between upper and lower flowers
of the same spikelets. Each correlation (r) or regression (B)
coefficient is estimated from the cumulative frequency of the stage.
between upper and lower flowers of the same spikelets. A total of
480 r's or 480 b's are obtained based on the classification of 30
genotypes, 4 tassel maturities and 4 spikelet positions (Section
3.10.1). To determine various effects on the correlation or
regression coefficient in microspore development between upper and
lower flowers of the same spikelets, an analysis of variance is
done based on these r's and b's.

With respect to the development of microspores, three items
of interest are investigated based on the first approach in this
study. These include (1) the development of microspores of the
upper flower (U); (2) the development of microspores of.the lower
flower (L); and (3) the differential development of microspores
between upper and lower flowers. The third item is measured (or
assayed) by the "time interval (U:L)", defined in this thesis as
the period of time (in cumulative frequency before anthesis, - or
days after anthesis) that separates the stage of upper flower (U)
from the stage of the lower flower (L) of the same spikelet.

4.3.1. Genotype groups (GRP)

4.3.1.1. GRP effect on the development of microspores in upper

) flower, lower flower (L) and their time interval (U:L) The

rate of development of microspores (RDM) is defined as the advance

in the stage of the development of microspores in a given time period.
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Within a given time period, the higher the cumulative frequency
(CF), the higher the RDM.

There are highly significant differences in the RDM among
genotype groups (GRP) in the upper (U) flower (Table 9.1), in the
lower (L) flower (Table 9.2) and in the time interval (U:L) between
upper and lower flowers (Table 9.3). As shown in Table 4.9, column
2, there is no significant difference in the RDM of the upper
flower among the inbreds (CF = 47.29), the tetraploids (CF = 47.27),
the Mexican varieties (CF = 46.89) and the hybrids (CF = 49.32),
whereas the RDM of the Colombian varieties (CF = 41.70) 1s signifi-
cantly lower than the other groups mentioned above.

For the lower flower (Table 4.9, column 3), the RDM is very
low (CF = 20.45) in the Colombian varieties, higher in the tetraploid
(CF = 32.57), the Mexican varieties (CF = 34.08) and the inbreds
(CF = 34.98) and is highest in the hybrids (CF = 37.50). As a
consequence, the time intervals (U:L) (Table 4.9, column 4) were
longest in the Colombian varieties (CF = 21.25), not as long in the
tetraploids (CF = 14.70), and shorter in the inbreds (CF = 12.31),
the Mexican varieties (CF = 12,81) and the hybrids (CF = 11.82).

The results indicate that the response of the GRP on the RDM
in the lower flowers 1s different from that of the upper flowers of
the same spikelets. The time interval (U:L) of each group is
dependent on the RDM of the upper flower and lower flower of that
group.

With the same set of spikelets, the coefficient of variation
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Table 4.9. Comparison of the mean rate of microspore development
(in cumulative frequency) between upper and lower flowers
in different genotype groupslo

1 2 3 4
Genotype Upper Lower
groups flower flower Time interval
(GRP) ) (L) (U:L)
Inbreds 47.29 a 34.98 ab 12,31 a
Tetraploids 47.27 a 35.57 b 14.70 b
Mexican varieties 46.89 a 34.08 b 12.81 a
Colombian varieties 41.70 b 20.45 ¢ 21.25 ¢
Hybrids 49.32 a 37.50 a 11.82 a
c.v.3 @) 26.20 38.96 42.57
1sp* (.o1) 3.47 373 1.57
(.05) 2.58 2.76 1.17
1Each value is the average of 32 values (B¥MF = 2 blocks x 4

maturities x 4 positions) for each of the genotypes within a group.

2Values in the same column with the same letter are not
gsignificantly different (P<.05).

3C.V. = coefficient of variation,

4LSD = least significant difference,
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(C.v.) is lowest in the upper flower (C.V. = 26.20%), higher in the
lower flower (C.V. = 38.96%), and highest in the time interval
(U:L) (C.V. = 42,57%). The C.V. is very high in the lower flower
because the range in the delay in the initiation of meiosis in the
lower flower of the same spikelet is varied (see Section 4.1.2).
This in turn results in a considerable amount of variation in the
time interval (U:L) between upper and lower flowers. The variation
in the time interval (U:L) will decrease the intensity of the
association in microspore development between the upper and lower
flowers.

4.3.1.2. Correlation study of GRP effect on the development of

microspores between upper and lower flowers There are highly

significant differences in correlation coefficients between upper
and lower flowers in the development of microspores among genotype
groups (GRP) (Table 9.4). These correlation coefficients (Table
4.10) are higher in the inbreds (r = 0.73) and hybrids (r = 0.73)
but are strikingly lower in the tetraploids (r = 0.62), the Mexican
varieties (r = 0.57) and the Colombian varieties (r = 0.54).

A question arises as to what factor(s) may be responsible for
the low correlation between the two florets of individual spikelets
in two of the genotypes groups, the tetraploids and the exotic
varieties. Could this in the case of the tetraploids be due the
ploidy level? On the other hand, could this be due to a lack of
adaptability of the exotic varieties. Answers to these questions

are not avallable within the present study, however, if studies
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Table 4.10. Comparison of the mean correlation coefficient between
upper and lower flowers of various genotype groups in
microspore development

1 2 3 4
Groups Mean correlatiog LSD(.OS)2 LSD(.Ol)3
(GRP) coefficlent (1) = 0.11 = 0.15
Inbreds 0.73 a a
Tetraploids 0.62 b a
Mexican varieties 0.57 b b
Colombian varieties 0.54 b b
Hybrids 0.73 a a

1

The r value of a group is the average of r's of genotypes within
that group. The r value of a genotype is the average of the
16 r values (MP = 4 maturities x 4 positions) of that genotype-

2LSD (.05) = least significant difference at 57 level. The

letters in common are not significantly different (P<.05) between
groups .

3LSD (.01) = least significant difference at 1% level. The

letters in common are not significantly different (P<.0l) between
groups .
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of these varieties are undertaken in their local area of adaptation
and if the correlation coefficient is improved in these exotic
genotypes it would imply that the two factors, adaptation and the
photoperiod interaction, play a role in affecting the degree of
intensity of association between upper and lower flowers of the same
spikelet in development of microspores.

4.3.2. Genotypes (V)

4.3.2.1. Development of microspores in the upper flower (U),

lower flower (L), and their time interval (U:L) No significant

difference is evident in the rate of development of microspores (RDM)
in the upper and lower flowers among genotypes (varieties) within
each group such as the inbreds (Table 9.5), the tetraploids (Table
9.6), the Mexican varieties (Table 9.7), the Colombian varieties
(Table 9.8), and the hybrids (Table 9.9). Based on the combined
analysis of variance over five groups, no significant difference is
found in the RDM in the upper and the lower flowers among 30 geno-
types (variety/GRP) (Tables 9.1 and 9.2). This implies that the
rate of the development of microspores in both the upper and lower
flowers is similar among various genotypes within each group or
among groups.

With respect to the time interval (U:L), a highly significant
difference is found among genotypes (V/GRP) based on combined analysis
of variance over five groups (Table 9.3). The longest time interval
(U:L) is found in the Colombian variety AC436 (CF = 22.14) (Table
4.11, column 5) and the shortest one is found in the inbred CI540

(CF = 8.39) (Table 4.11, column 5).



150

Table 4.11. Comparison of microspore development (in cumulative
frequency) in upper (U) flower, lower (L) flower and
their time interval (U:L) between genotypes within and
among group(s)

1 2 3 4 5
Upper Lower Time
Groups Genotypes flower flower interval
(GRP) 4 (1) (L) (U:L)
1. A3G 43.58 33.79 9.79
2. F1B1(B2xFe-2) 47.20 36.74 10.46
3. Hy 47.19 33.52 13.67
4, 1159 47.66 35.48 12,18
5. 1224(Al1) 51.58 33.84 17.74
6. Ind461 48.81 35.75 13.06
7. LE23 44,03 32.81 11.22
Inbreds 8. 08420 45,81 34.31 11.50
9. Tr-9 47.36 38.10 9.26
10. Ind456 46.51 34.84 11.67
11. 1I1112-E 50.81 36.93 13.87
12, CI1187-2 47.86 32.35 15.51
13. CI540 44,48 36.09 8.39
26, 8'4913 45.77 33.72 12.05
28. 8'4909 49.37 36.82 12.55
29, 8'4906 49,65 32.47 15.18
30. 8'4903 46,27 35.17 11.10
LSD"(.05) 2.80

%The value of a genotype is the average of the 32 values (BMP =
2 blocks x 4 maturities x 4 positions).

bLSD (.05) = least significant difference at 5% level,
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Table 4.11. (continued) '

1 2 3 4 5
Upper Lower Time
Groups Genotypes flower flower interval
(GRP) ) (1) (L) (U:L)
14, 3'1624 46.01 31.64 14,37
Tetraploids 15. 3'1367 50.13 36.11 14,02
16. 3'1622 45.66 29.97 15.69
17. Ac406 39.87 28,66 11.21
Mexican 18, Ac4l5 49.65 36.19 13.46
varieties 19. Ac420 48.25 33.28 14.97
20, Ac42l 49.80 38.19 11.61
LSD(.05) 2.64
Colombian 21, Ac436 38.41 16.27 22.14
varieties 22. Ac440 45,00 24,63 20.37
23, 8'4913/4907 49.40 36.44 12,96
24, 8'4505/4510 50.75 36.64 14.11
Hybrids 25. 8'4902/4913 48.11 37.75 10.36
26. Country Gentleman 49.00 39.16 9.84
c.v.(%)°¢ 26.20 38.96 42.57

Among groups
LSD(.05) 2,86

€c.v. (%) = coefficient of variation.
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Based on the group analysis of variance, a significant difference
in time interval (U:L) is found in the genotypes of inbreds (Table
9,5) and the Mexican varieties (Table 9.7). The longest and shortest
time interval (U:L) among inbreds includes the inbreds I224 (CF =
17.74) and CI1540 (CF = 8.39), respectively. Although the time period
(days) of MSG is not included in this study, this period is approxi-
mately three to four weeks among genotypes. Assuming it takes 25
days to complete the whole MSG, the time interval (U:L) of inbreds
1224 and CI540 would be 4.4 days (25 days x 17.747%) and 2.1 days
(25 days x 8.39%), respectively. The Mexican variety Ac406 has the
short time interval (U:L) (CF = 11.21) whereas Ac420 has a long time
interval (U:L) (CF = 14.97) (Table 4.11, column 5).

From these results, it is evident that there is among varieties
adequate variation in the time interval (U:L) within a certain geno-
type group or among various groups and this is available when a
selection program would require such variation.

4.3.2,2, Correlation study of V/GRP effect on the development of

microspores between upper and lower flowers A significant

difference among genotypes over five groups (V/GRP) in the correla-
tion coefficient between upper and lower flowers is not detected
(Table 9.4). This difference among genotypes within each group is
also not significant. This implies that the correlations in micro=
spore development between upper and lower flowers are similar among
genotypes within a group or among groups.

It is evident that the values of the correlation coefficient in
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microspore development between upper and lower flowers of each geno-
type estimated in this (4.3.2.2) section are much lower (Table

4.12) than that estimated in Section 4.2.2. (Table 4.7). In this
section (4.3.2.2) the correlation coefficient (r) estimate is

based on VMP classification (30 genotypes x 4 tassel maturities x

4 spikelet positions). (see Section 3.10.1). Each genotype has 16
correlation coefficients (4 tassel maturities x 4 spikelet positionms).
The r value of each genotype is a mean value of the 16 r's. However,
the r value in Section 4.2 is estimated on each genotype basis (see
Section 3.10.1). Each genotype only has one r value. The r value
for each genotype is estimated from all the spikelets of that geno-
type. Therefore, the number of spikelets used in the estimation

of each of the 16 r values in this section (4.3.3.2) is reduced to
1/16 of that of the number of spikelets used in the estimation of
only one r value for each genotype in Section 4.2. As a consequence,
the level of r value required to reach the significant level is
increased in this section (4.3.2.2) because the degree of freedom
(n-2) is decreased. This is the reason that 21 out of 30 correlation
coefficients are non-significant (Table 4.12, columns 3 and 6).

4.3.3. Tassel maturities (M)

4.3.3.1. M effect on the development of microspores in upper

(U) flower, lower (L) flower and their time interval (U:L) From

the combined analysis of variance over five groups, it is evident
that there are highly significant differences in the development

of microspores between different tassel maturities (M) in the upper



Table 4.12. Mean correlation coefficient of each of the 30 genotypes estimated from VMP
classification (30 genotypes x 4 maturities x 4 positions)
1 2 3 4 5 6
Correlation Correlation
No. of a coeffic%ent No. of a coeffigient
Genotypes spikelets (x) Genotypes spikelets (r)
1. A3G 6.7 0.69ns® 29. 8'4906 7.9 0.57ns
2. F1B1(B2xFe-2) 5.4 0.78ns 30. 8'4903 8.3 0.74%
3. Hy 9.3 0.80%* 14. 3'1624 7.4 0.67ns
4. 1159 5.8 0.82% 15. 3'1367 8.2 0.62ps
5. 1224 7.8 0.64ns 16. 3'1622 6.0 0.56ns
6. Ind461 7.0 0.73ns 17. Ac406 6.8 0.56ns
7. LE23 7.8 0.54ns 18. Ac4l5 9.0 0.69x%
8. 0s420 6.6 0.77% 19. Ac420 9.3 0.57ns
9. Tr-9 6.2 0.72ns 20. Ac42l 9.0 0.47ns
10. Ind456 7.0 0.74ns 21. Ac436 6.4 0.48ns
11. 11112-E 7.5 0.78% 22, Ac440 7.5 0.60ns
12. C1187-2 7.9 0.69ns 23. 8'4913/4907 6.5 0.73ns
13. CI540 7.1 0.72ns 24, 8'4909/4910 5.9 0.77ns
26. 8'4913 7.6 0.79% 25. 8'4902/4913 5.8 0.64ns
28. 8'4909 6.5 0.79% 27. Country 10.5 0.76%%

Gentleman

3No. of spikelets of a genotype is obtained by dividing all the sampled spikelets of that

genotype by 16 (MP = 4 maturities x 4 positioms),

bCorrelation coefficient (r) of a genotype is the average value of the 16 correlation
coefficients (4 tassel maturities x 4 spikelet positionms),

Cas = non-significant at 5% level,

* %
P<.05; P<.01,

9ST
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flower (Table 9.1) and in the lower flower (Table 9.2). From Tables
9.1 and 9.2, it is evident that the major part of the mean square
is associated with the effect of tassel maturity., Striking progress
in microspore development is observed between each adjacent tassel
maturity both in the upper (U) flower (Table 4.13, column 2) and
the lower (L) flower (Table 4.13, column 3).

The rate of stage development during each tassel maturity period
is evident from the "increment of development of microspores" (IDM).
The IDM of a given tassel maturity is obtained by substracting the
mean rate of microspore development (in cumulative frequency) of
a less advanced adjacent tassel maturity from that of a given tassel
maturity. For example, the IDM of maturity 2 in upper flower is
obtained (CF = 19.00) (Table 4.14, column 2) by substracting the
mean cumulative frequency of tassel maturity 1 (CF = 11.88) from that
of tassel maturity 2 (CF = 30.88) (Table 4.12, column 2). As shown
in Table 4.14, the IDM 1s higher in the upper flower than lower
flower during maturities 1 and 2, similar in both flowers during
maturity 3, but much higher in the lower flower than upper flower
during maturity 4. This indicates that microspores develop at a
faster rate in the upper flower compared to the lower flower when
the tassel is still young (maturities 1 and 2), but is not as rapid
as that in the lower flower when the tassel is fully mature (maturity
4).

A significant difference in microspore development between tassel

maturities was found in the time interval (U:L) between upper and lower
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4.13. Comparison in the mean rate of microspore development
(in cumulative frequency) in upper flower (U), lower
flower (L) and their time interval (U:L) at different
tassel maturities among 30 genotypesl,2

1 2 3 4
Upper Lower Time interval

Maturities flower (U) flower (L) (U:L)

1 11.88 d 2.79 d 9.09 b

2 30.88 ¢ 12,42 ¢ 18.46 a

3 58.46 b 40.57 b 17.89 a

4 87.32 a 80.18 a 7.4 ¢
c.v.(n> 23,57 41.87 56.51
1sp(.05)* 2.01 2,58 1.35

1The value is the average of the 240 values (BVP = 2 blocks
x 30 genotypes x 4 positions) for each maturity.

2Values in the same column with the same letter are not
significantly different (P<.05).

3C.V.(%) = coefficient of variation.

4LSD(.OS) = least significant difference at 5% level,
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Table 4.14. The increment of development of microspores (IDM)a (in
cumulative frequency) at 4 different tassel maturities
among 30 genotypes

1 2 3
Upper flower Lower flower

Maturities v) (L)

1 11.88 2.79

2 19.00 9.63

3 27.58 28.15

4 28,86 39.61

3The IDM of a given tassel maturity is obtained by substracting
the mean rate of microspore development (in cumulative
frequency) of a less advanced adjacent tassel maturity from
that of a given tassel maturity,
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flowers (Table 9.3). This implies that the rate of development of
microspores of the upper flower in a spikelet is not parallel to its
lower flower (Fig. 4.4). When the tassel is very young (maturity 1)
most upper flowers are in some stage of meiosis, whereas most of thé
lower flowers had as yet not initiated meiosis. Consequently, a
short time interval (U:L) (CF = 9.09) results (Table 4.13). During
maturity 2, the RDM is highest in the upper flowers and most lower
flowers are in meiotic stages. The longest time interval (U:L)
(CF = 18.46) 1is expected during this maturity 2 because the IDM
increased significantly in the lower flower after this maturity
(Table 4.14). During maturity 3 the IDM is slightly greater in the
lower flower (CF = 28.15) than in the upper flower (CF = 27.58) '
(Table 4.14). Consequently, the time interval (U:L) in maturity 3
(CF = 17.89) is similar to that of maturity 2 (CF = 18.46) but
decreases slightly. Because of a strikingly greater IDM in the
lower flower than that of the upper flower a very short time interval
(U:L) (CF = 7.14) appears in the mature tassel (maturity 4). If it
takes 28 days for a given genotype to complete MSG, then the time
intervals (U:L) of maturity 1 (CF = 9.09), maturity 2 (CF = 18.46),
maturity 3 (CF = 17.89) and maturity 4 (CF = 7.14) will be of the
following duration: 2.5 days (28 x 9.09%), 5.2 days (28 x 18.46%),
5.0 days (28 x 17.89%) and 2.0 days (28 x 7.14%), respectively.

The coefficient of variation (C.V.) is lowest in the upper
flower (C.V. = 23.57%), higher in the lower flower (C.V. = 41.87%)

and highest in the time interval (U:L) (C.V. = 56.517%) (Table 4.13).
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Figure 4.4, Comparison of the rate of microspore development
between two flowers in various tassel maturities.
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Apparently, the variation in the development of microspores mainly
arises from the wide fluctuation in lower flower development. The
differential rate of microspore development between the two florets

of the same spikelet results in a wide variation of the time interval
(U:L). The C.V. is a relative measure of variation. The €.V. is
higher in tassel maturity (M) (Table 4.13) than in genotype groups
(GRP) (Table 4.9). This implies that variation in microspore develop-
ment is greater in tassel maturity than in genotype groups.

4.3.3.2. Correlation study of M effect on the development of

microspores between upper and lower flowers There is a significant

effect of tassel maturity (M) on the correlation between upper and
lower flowers in the development of microspores (Table 9.4). As
shown in Table 4.15, the correlation coefficient (r) is very low in
tassel maturity 1 (r = 0.44) and is essentially not different from
zero. This correlation increases.as the tassel maturity increases.
For instance, significantly positive correlation is found in tassel
maturities 2 (r = 0.72), 3 (r = 0.75) and 4 (r = 0.82) but no
significant difference is found among them (Table 4.15, columns 4
and 5).

Why does maturity 1 have such a low correlation coefficient?
Because the lower flower starts melosis much later than that of the
upper flower, this is not surprising. Very often, when the upper
flower completés melosis and proceeds to pollen development or pollen
maturation, the lower flower is either in the stage of premelosis

of in the onset of meiosis (Section 4.1.2.).
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Table 4.15. Comparison in the mean correlation coefficient between
upper and lower flowers in microspore development at
various tassel maturities among 30 genotypes

1 2 3 4 5
Tassel Mean correlation 2 3
maturities d.f. coefficientl LSD(.05)° LSD(.01)

™) (n~2) (r) = 0,11 = (0,16
4

1 4 0.44ns b b

2 6 0.72% a a

3 8 0.75% a a

4 6 0.82% a a

1The mean correlation coefficient for each maturity is the
average of the 120 r's (VP = 30 genotypes x 4 positions).

218D(.05) = least significant difference at 5% level. The
letters not in common indicate significant different (P<.05)
between maturities.

3LSD(.Ol) = least significant difference at 1% level. The
letters not in common indicate significant different (P<.0l)
between maturities.

4ns = non-significant at 57 level,

*
P< l05.
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The average degree of freedom (n-2) of the observations in the
estimation of each of 120 r values for each tassel maturity is given
in Table 4.15, column 2. For 4 degrees of freedom, the r value at
the 5% level of significance is 0.811l. When the number of observa-
tions increases to 8 (df = n-2 = 6) and 10 (df = 8), the r values
are 0.707 and 0.632, respectively, at the 5% level of significance.
Each correlation coefficient (r) in Table 4.15, column 2 is derived
from the means values of 120 r (4 spikelet positions x 30 genotypes).

4.3.3.3. Regression study of M effect on the development of

microspores between upper and lower flowers The regression

study provides the possibility of predicting the approximate stage
of the upper flower of a spikelet based on the simple observation

of the lower flower stage. The cumulative frequency of each cor-

responding stage is given in Table 4.3.

The regressions of the stage of the upper flower on the stage

of the lower flower of the same spikelet at four different tassel
maturities are given in Fig. 4.5. The solid line in figure represents
the actual range of the development of microspores in each tassel
maturity. The dotted line connects the regression line with its
intercept. The four ranges (in cumulative frequency), 0 to 20,
20 to 42, 42 to 75, and 75 to 100, denote the range of the develop-
ment of microspores at tassel maturities k, 2, 3 and 4 (Table 4.2,
column 4).

The stage of the upper flower is predicted from the regression

formula, Y = a + b X, where Y is the predicted stage of the upper
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flower, X is the observed stage of the lower flower of the same
spikelet, a is the intercept and b is the regression coefficient.
For example, when the stages of the lower flower at maturities 1, 2,
3 and 4 are 2.79 (leptotene), 12.42 (pachytene), 40.57 (mic. 2.0)
and 80.17 (mic. 5.5), respectively (in cumulative frequencies, Table
4,13, column 3), the corresponding predicted stages of the upper
flower are 12.02 (zygotene), 33.55 (mic. 1.0), 61.36 (mig. 4.0) and
87.90 (mic. 6.0) by substituting the above stages of the lower
flower (X) into the regression equation of each tassel maturity
(Fig. 4.5). These predicted stages in upper flower are very close
to the observed stages, that are 11.88 (zygotene), 30.88 (mic. 1.0),
58.46 (mic. 3.5) and 87.32 (mic. 6.0) at maturities 1, 2, 3 and 4,
respectively (Table 4.13, column 2).

The relative rate of the development of microspores between
upper and lower flowers is measured here by taking the ratio Y/X.
The ratio recovered are 4.3 (12.02/2.79), 2.70 (33.55/12.42), 1.51
(61.36/40.57) and 1.10 (97.90/80.18) at maturities 1, 2, 3 and 4,
respectively. These results confirm that the rate of microspore
development of the lower flower increases, commensurate with an
increase in tassel maturity. Apparently, the stage of development
of the lower flower is quite close to that of the upper flower at
tassel maturity 4 as is evident from the regression line (Fig. 4.5,

M4).
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Figure 4.5. The regression of the stage of the upper flower on the
stage of the lower flower of the same spikelet (in
cumulative frequency, CF) at four different tassel
maturities (M).
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4.3.4, Spikelet position (P)

4.3.4.1. Effect of P on the development of microspores in upper

flower (U), lower flower (L) and their time interval (U:L) The

sequences in the development of microspores is dependent on spikelet
position. The significant effect of spikelet position (P) exists

in the sequence of the development of microspores within a tassel
both in upper flower (Table 9.1) and lower flower (Table 9.2).
Usually, the onset of meiosis is in position 2 of a tassel and then
progresses upward to position 1 and downward to position 3,
simultaneously. The basal part of a tassel (position 4) is the
latest in the initiation of meiosis. These sequences are evident
from the cumulative frequency of each position (Table 4.16, columns
2 and 3).

With respect to the time interval (U:L), a significant difference
is found between spikelet positions (P) (Table 9.3). Position 2
has a longer time interval (U:L) (CF = 14.12) than position 1 (CF =
13.35) but is not different from position 3 (CF = 14.07) (Table 4.16).
The late initiation in melosis at position 4 results in the shortest
time interval (CF = 11.03).

The rate of development of microspores of the upper flower (U)
‘relative to the lower flower (L) can be measured by the value of the
ratio U/L. These values are 1.39 (47.85/34.50), 1.34 (55.68/41.55),
1.41 (47.95/33.89) and 1.42 (37.05/26.02) for positions 1, 2, 3 and 4,
respectively (Table 4.16). The result implies that the relative rate
of microspore development of the upper flower relative to the lower

flower is parallel among four spikelet positions (Fig. 4.6).
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Table 4.16. Comparison in the mean rate of the development of
microspores (in cumulative frequency) of the upper and
lower flowers in different spikelet positions among 30

genotypesl,2
1 2 3 4
Upper Lower Time interval

Positions(P) flower (U) flower (L) (U:L)

1 47.85 b 34.50 b 13.35 b

2 55.68 a 41.55 a 14.12 a

3 47.95 b 33.89 b 14.07 ab

4 37.05 ¢ 26,02 ¢ 11.03 ¢
C.V.(%) 10.51 14.07 32,64
LSD(.05) 0.89 0.86 0.77

1The value is the average of the 240 values (BVM = 2 blocks x
30 genotypes x 4 maturities) for each position.

2Values in the same column with the same letter are not
significantly different (P<.05).
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4.3.4.2, Correlation study of P effect on the development of

microspore between upper and lower flowers A striking effect of

spikelet position (P) on the correlation of microspore development
between upper and lower flowers is evident from Table 4.17, where a
positive correlation exists in positions 1(r = 0.70) and 2 (r = 0.72)
but not in positions 3 (r = 0.69) and 4 (r = 0.62).

Why isn't a positive correlation found between upper and lower
flowers in positions 3 and 4? Like the effect of tassel maturity
mentioned in Section 4.3.3.2, the correlation coefficient of each
spikelet position is a mean of 120 correlation coefficients (30
genotypes x 4 tassel maturities), of which each r is estimated from
8 spikelets (df = n-2 = 6). The correlation coefficient (r) at the
0.05 level of significance is 0.707 when there are 6 degrees of
freedom. As the degrees of freedom increase to 9, the correlation
coefficient (r) is 0.602 at the 0.05 level of significance. Therefore,
the lack of a positive correlation in positions 3 and 4 may be
attributed to the insufficient sample size required to reach the 0.05
level of significance under VMP classification.

The r value in position 4 (r = 0,62) is significantly lower than
positions 1, 2 and 3 (Table 4.17, columns 3 and 4). Again the late
initiation of meiosis at position 4 is responsible for this result.

4.3.4.3. Regression study of P effect on the development of

microspores between upper and lower flowers By comparing the 4

regression lines of Fig. 4.7, it is apparent that the previous
observations are confirmed. The initiation of meiosis and the develop-

ment of microspores begin at position 2, proceeding both upward to
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Table 4.17. Comparison in the mean correlation coefficient between
upper and lower flowers in microspore development at
4 spikelet positions among 30 genotypes

Spikelet Mean coefficient 2 3
positions d.f. coefficientl LSD(.05) LSD(.01)
(P) (n-2) (1) = 0.07 = 0.12
1 6 0.70% a a
2 6 0.72% a a
3 6 0.69ns4 a a
4 6 0.62ns b a

1The mean correlation coefficient for each position is the average
of the 120 r's (VM = 30 genotypes x 4 maturities).

2LSD(.OS) = least significant difference at 57 level. The
letters not in common indicate a significant difference
(P<.05) between positions.

3LSD(.Ol) = least significant difference at 17 level. The
letters not in common indicate significant different (P<.05)

= e

between positions,
4ns = non-significant at 57 level

*
P<.05,
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position 1 and downward to position 3, and finally appear in position
4 of a tassel. This result confirms the result illustrated in Table
4.16, columns 2 and 3.

In order to compare the relative rate of the development of
microspores of the upper flower to the lower flower of each spikelet
position, the ratio of the stage of the upper flower to that of the
lower flower is used as an indicator. When the mean values of the
development of microspores (in cumulative frequency) in spikelet
posifion 1, 2, 3 and 4 of the lower flower (L) are 34.50 (mic. 1.0),
41.55 (mic. 2.0), 33.89 (mic. 1.0) and 26.02 (mic. 0.5), respectively
(Table 4.16), the predicted values of thg development of microspores
in the upper (U) flower are 52.14 (mic. 3.0), 57.03 (mic. 3.5),

50.98 (mic. 3.0) and 38.97 (mic. 2.0) at position 1, 2, 3 and 4,
respectively, based on the regression line Y = a + b X (Fig. 4.7).
The predicted stages are essentially the same as the observed stages
in the upper flower (Table 4.3.4.1 (1), column 2) where the stages
(in cumulative frequency) in positions 1, 2, 3 and 4 are 47.85

(mic. 3.0), 55.68 (mic. 3.5), 47.95 (mic. 3.0) and 37.05 (mic. 2.0).

The ratio of U/L at positions 1, 2, 3 and 4 are 1.51 (52.14/34.50),
1.37 (57.03/41.55), 1.50 (50.98/33.89), and 1.50 (38.97/26.02),
respectively. This result indicates that the relative rate of micro-
spore development of the upper flower to the lower flower is
similar in position 1, 3 and 4. The lower ratio in position 2
implies that the rate of the development of microspores in the lower
flower of position 2 is higher than in the other positions of the

lower flowers.
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4,4, Influence of Interaction Effects on the Relationship
Between Upper and Lower Flowers in the
Development of Microspores

It is evident from results presented in Section 4.3 that several
main effects such as genotype groups, genotypes, tassel maturities
and spikelet positions affect the development of microspores in both
flowers of a spikelet and their time interval (U:L). In the present
section, consideration will be given on the extent that the develop-
ment of microspores in upper flowers, lower flowers and their time
interval (U:L) is modified by interaction effects of the above

mentioned factors.

4.4.1, Effect of genotype group by tassel maturity (GRP x M) inter-

action on the development of microspores in upper flower (U),

lower flower (L) and their time interval (U:L)

A significant effect of GRP x M on development of microspores
is found in upper flowers (Table 9.1), lower flowers (Table 9.2)
and their time interval (U:L) (Table 9.3). In most genotype groups
such as inbreds, tetraploids, Mexican varietiles and hybrids, a striking
advance in the stage of MSG along with the progress of tassel maturity
is found both in the upper flower (Table 4.18, column 2) and the lower
flower (Table 4.18, column 3). The only exception is the group of
Colombian varieties where no significant difference is observed in
the development of microspores between maturity 1 and maturity 2
of the lower flower (Table 18, column 3). This deviation among the
Colombian varieties can be explained by a lack of onset of meiosis

during maturity 1 (CF = 0) in the lower flower and the slow progress
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Table 4.18. Comparison in the mean rate of the development of
microspores (in cumulative frequency) of upper and
lower flowers at various maturities within each of
the 5 genotype groupsl,2

1 2 3 4
Groups Maturities Upper flower Lower flower Time interval
(GRP) ™) (1)) (L) (U:L)
1 12.17 d 3.214d 8.96 b
2 29.80 ¢ 12.01 ¢ 17.79 a
Inbreds 3 58.66 b 42,02 b 16,64 a
4 88.53 a 82.70 a 5.83 ¢
LSD(.05) 2.41 3.45 1.80
1 10.00 d 2.26 d 7.85 ¢
2 32.03 ¢ 14.47 ¢ 19.56 b
Tetraploids 3 57.51 b 32.63 b 24,88 a
4 89.43 a 82.93 a " 6.50 ¢
LSD(.05) 7.05 5.24 3.56
1 11.68 d 2.66 d 9.02 b
2 31.31 ¢ 12.53 ¢ 18.78 a
Mexican 3 58.36 b 42.2. b 16.15 a
varieties 4 86.23 a 78.93 a 7.30 b
LSD(.05) 6.56 8.30 4.07
1 16.52 d G.00 ¢ 16.52 a
2 30.23 ¢ 8.15 ¢ 22.08 a
Colombian 3 53.28 b 29.39 b 23.89 a
varieties 4 66.79 a 44.27 a 22,52 a
LSD(.05) 11.37 9.79 9.70
1 9.83 d 2.95 d 6.88 b
2 34.49 ¢ 16.13 ¢ 18.36 a
Hybrids 3 60.99 b 44,27 b 16.72 a
4 91.95 a 86.64 a 5.31 b
LSD(.05) 7.52 9.30 3.48

1The value in each group is the average of the values of genotypes
within that group. The value of a genotype is the average of the
8 values (BP = 2 blocks x 4 positions).

2Values of the same group in the same column with the same letter
are not significantly different (P<.05).
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of microspore development during maturity 2 (CF = 8.15) in lower
flower.

Different genotype groups with the same tassel maturity should
next be compared. The rate of development of microspores (RDM) in
both flowers of the hybrids is higher than other groups in maturities
2, 3 and 4 (Table 4.19). It is found that the RDM of the upper flower
of Colombian varieties is high during maturity 1 and does not differ
from the other genotype groups during maturity 2. However, the
development of microspores of Colombian varieties lags behind the
other groups during maturities 3 and 4 (Table 4.19). 1In the lower
flower, the RDM in Colombian varieties is zero during maturity 1,
and is the lowest during maturities 2, 3 and 4. The RDM of the lower
flower in Colombian varieties is extraordinarily low (CF = 44.27)
in maturity 4 as compared to that of the hybrids (CF = 86.64).

These results indicate that the development of microspores of
the Colombian varieties is drastically retarded when the tassel
becomes old (maturities 3 and 4), especially during tassel maturity
4, There is a possible explanation for this deviation among the
Colombian varieties. These varieties are photoperiod-sensitive in
an Iowa environment and as a consequence microsporogenesis occurring
in late August or early September would be confronted with a cooler
period (Table 9.10). The low temperature may retard the development
of the lower flowers leading to a wide separation or time interval
(U:L) in microspore development between upper and lower flowers

(Table 4.18, column 4). In addition, the decreased photosynthetic
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4.19. Comparison in the mean rate of the development of microspores (in cumulative fieguency)
of upper and lower flowers among 5 genotype groups within each tassel maturity >

1 2 3 4 5 6 7
Tassel maturities 3
LSD
Genotype groups 1 2 3 4 (.05)
Inbreds 12.17 ab 29.80 bd 58.66 a 88.53 ab
Tetraploids 10.11 ® 32.03 ab 57.51 ab 89.43 ab
Upper flower Mexican varieties 11.68 b 31.31 ab 58.36 a 86.23 b 4,63
¢)] Colombian varieties 16.52 a 30.23 ab 53.28 b 66.79 ¢
Hybrids 9.83 b 34.49 ac 60.99 a 91.95 a
Inbreds 3.21 a 12.01 ab 42.02 a 82.70 ab
Tetraploids 2,26 a 14.47 a 32,63 b 82.93 ab
Lower flower Mexican varieties 2.66 a 12.53 ab 42.21 a 78.93 b 5.67
(L) Colombian varieties 0.00 a 8.15 b 29.39 b 44,27 c
Hybrids 2,95a 16.13 a 44,27 a 86.64 a
Inbreds 8.96 b 17.79 b 16.64 b 5.83 b
Tetraploids 7.85 b 19.56 ab 24.88 a 6.50 b
Time interval Mexican varieties 9.02 b 18.78 b 16.15 b 7.30 b 2.84
{(U:L) Colombian varieties 16.52 a 22.08 a 23.89 a 22.52 a
Hybrids 6.88 b 18.36 b 16.72 b 5.31 b

1Each value is the average of the values of each of the genotypes within a group. The value

of each genotype is the average of the 8 values (BP = 2 blocks x 4 positions).

2Values of the same trait (U, L, or U:L) in the same column with the same letter are not

3

significantly different (P<.05).

LSD(.05) = least significant difference at 5% level,

6Lt
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product attributable to the lower temperature and reduced light
intensity during September would lead to lesser energy resources for
the lesser developed lower flower than the upper flower when both
developing flowers are competing for energy.

The quantity of the time interval (U:L) is determined by the
rate of the development of microspores (RDM) of the upper flower (U)
and the lower flower (L). There is a significant difference in the
time interval (U:L) between different tassel maturities. This
difference in the time interval (U:L) was found in genotypes of
inbreds, tetraploids, Mexican varieties and hybrids (Table 4.18,
column 4). In Colombian varieties, however, a significant difference
in the time interval (U:L) was not found among four maturities.

In all genotype groups, except the Colombian varieties, the
time interval (U:L) is short in tassel maturity 1 (CF = 6.88-9.02),
longer in maturity 2 (CF = 17.79-19.56) and maturity 3 (CF = 16.15~
24.88) and is the shortest in maturity 4 (CF = 5,31-7.30) (Table
4.19). There is no significant difference in the time interval (U:L)
between maturity 1 and maturity 4 in all groups except the inbreds
where maturity 4 has a shorter interval (U:L) (CF = 5.83) than that
of maturity 1 (CF = 8.96). No significant difference in the time
interval (U:L) was found between tassel maturities 2 and 3 in all
genotype groups except the tetraploids (Table 4.18, column 4). The
greatest time interval (U:L) among all genotype groups was found in
maturity 3 of the tetraploids. This was mainly due to the very low

rate of development of the lower flower (CF = 32.63) during this period.
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During maturity 4, however, high rate of microspore development in
lower flower results in an greater increment of the developuent of
microspores (IDM = 50.30) (CF = 82,93-32,63) than that of the upper
flower (IDM = 31.92) (CF = 89.43-57.51) (Table 4.19, columns 5 and 6).
This implies that the tetraploids have a tendency of high rate of
microspore development in the lower flower during maturity 4.

4.4.2. Effect of genotype by tassel maturity (V x M) interaction on

the development of microspores in upper flower (U), lower

flower (L) and their time interval (U:L)

The interaction effect of genotype by tassel maturity (V x M/
GRP) among groups on the development of microspores is not significant
either in the upper (Table 9.1) or in the lower flowers (Table 9.2)
based on the combined analysis of variance over 5 genotype groups.
This means that microspore development of various genotypes (varieties)
among genotype groups is similar during each tassel maturity. This
V x M/GRP interaction is not significant in time interval (U:L)
(Table 9.3) indicating a similar response of the time interval (U:L)
between various genotypes (among groups) at each of the four tassel
maturities.

Within each genotype group, this genotype by tassel maturity
(V x M) interaction effect is not significant in the upper flower
(U), lower flower (L) and their time interval (U:L) in all genotype
groups such as inbreds (Table 9.5), tetraploids (Table 9.6), Mexican
varieties (Table 9.7), Colombian varieties (Table 9.8) and hybrids

(Table 9.9).
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4.4.3. Effect of genotype group by spikelet position (GRP x P)

interaction on development of microspores in upper flower (U),

lower flower (L) and their time interval (U:L)

A significant effect of genotype group by spilkelet position
(GRP x P) on the development of microspores is found in both the
upper (Table 9.1) and lower flowers (Table 9.2). It is well-known
by maize cytogeneticists that the spikelets in the male inflorescence
a short distance distal from the tip of the central axis (position 2,
see Fig. 3.1) are the most advanced in the onset of meiosis. Maize
cytogeneticists in an examination of sporocytes automatically look
here for identifying the oldest or more advanced stage of micro-
sporoctyes.

As shown in Tabie 4.20, the more advanced stages (expressed by
cumulative frequency) are located in position 2 of both flowers

among all genotype groups. In Colombian varieties, no significant

between position 2 and position 1 in both florets (Table 4.20) even
though position 2 seems to have more advanced stages. Following the
onset of MSG in position 2, the spikelets in positions 1 and 3 of
both florets initiate MSG simultaneously in certain groups such as
the Mexican varieties and hybrids. Position 1 initiates MSG earlier
than position 3 in the tetraploids. In contrast to this, position

3 (CF = 48.40) has more advanced stages than position 1 (CF = 46.80)
in the upper flower of the inbreds (Table 4.20, column 3). The

spikelets in position 4 of all genotype groups are the latest sector
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Table 4.20. Comparison in the mean rate of the development of micro-
spores (in cumulative frequency) of upper and lower
floweiszamong 4 spikelet positions within each genotype

?

group
1 2 3 4 5
Spikelet Upper flower Lower flower Time interval
Groups positions (1)) (L) (U:L)
1 46.80 ¢ 34.69 b 12.11 b
2 55.19 a 42,16 a 13.03 ab
Inbreds 3 48.40 b 35.02 v 13.38 a
4 38.76 d 28.05 ¢ 10.71 ¢
1sp(.05)°  1.13 1.06 0.9
1 50.69 b 34.54 b 16.15 a
2 57.92 a 40.97 a 16.95 a
Tetraploids 3 45.35 ¢ 30.44 ¢ 14,91 a
4 35.11 d 24.34 d 10.77 b
LSD(.05) 2.56 2.50 2.64
1 47.86 b 35.09 b 12.77 ab
2 56.99 a 43.04 a 13.95 a
Mexican 3 48,24 b 34.04 b 14.20 a
varieties 4 34,49 ¢ 24.15 ¢ 10.34 b
LSD(.05) 2.58 2.30 2,57
1 45,85 ab 23.64 ab 22,21 a
2 50.86 a 26.84 a 24,02 a
Colombian 3 43.55 b 21.15 & 22,44 a
varleties 4 26.50 ¢ 10.16 ¢ 16.34 b
LSD(.05) 5.34 4.88 4.24
1 51.16 b 38.46 b 12.70 a
2 57.16 a 45,28 a 11.88 ab
Hybrids 3 49.89 b 37.85 b 12.04 ab
4 39.05 ¢ 28.42 ¢ 10.63 b
LSD(.05) 2.35 2.80 1.91

1Each value is the average of the values of each of the genotypes
within a group. The value of each genotype is the average of 8
values (BM = 2 blocks x 4 maturities).

2Values of the same group in the same column with the same letter
are not significantly different (P<.05).

3LSD(.OS) = least significant difference at 57 level,
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to initiate melosis within a tassel. These results indicate that
there is an interaction effect between genotype groups and spikelet
positions on microspore development,

With respect to the time interval (U:L), there is a significant
effect on GRP x P interaction (Table 9.3). The time interval (U:L)
of all tassel maturities is compared within each of the genotype
groups. As shown in Table 4.20, the time interval (U:L) is longer
in position 1, 2 and 3 than in position 4 in all genotype groups.
When only positions 1, 2 and 3 are considered, there are no significant
differences in the time interval (U:L) among them. However, with the
inbreds, the time interval (U:L) is shorter in maturity 1 (CF = 12.11)
than in maturity 3 (CF = 13.38). The longer time interval (U:L) in
position 3 seems related to the early initiation of MSG at this
position. This result indicates that the responses of the time interval

(U:L) in each spikelet position are not the same among various

When comparisons are made (Table 4.21) at the same spilkelet
position among different genotype groups the smallest RDM in both
florets 18 observed among the Colombian varieties though they have
the greatest time interval (U:L) in 4 spikelet positions among all
groups. The hybrids have the highest RDM in most positions. In other
genotype groups such as the inbreds, tetraploids and Mexican varieties,
the response of the RDM is variable according to different spikelet
positions. This confirms that there is a significant effect of GRP x P

interaction on the development of microspores.



Table 4.21. Comparison in the mean rate of the development of microspores (in cumulative frequency)
of upper and lower flowers among 5 genotype groups within each spikelet positionl,2

1 2 3 4 5 6 7
Genotype Spikelet positions LSD(.OS)3
groups 1 2 3 A
Inbreds 46.80 c 55.19 a 48 .40 a 38.76 a
Tetraploids 50.69 ab 57.92 a 45.35 be 35.11 b
Upper flower Mexican varieties 47 .86 be 56.99 a 48.24 adb 34.49 b 3.01
() Colombian varieties 45.85 ¢ 50.86 b 43.59 ¢ 26.50 ¢
Hybrids 51.16 a 57.16 a 49.89 a 39.05 a
Inbreds 34.69 b 42.16 ab 35.02 ab 28.05 a
Tetraploids 34.54 b 40.97 b 30.44 ¢ 24.34 b
Lower flower Mexican varieties 35.09 b 43.04 ab 34.04 b 24.15 b 3.13
(L) Colombian varieties 23.64 ¢ 26.84 ¢ 21.15 d 10.16 ¢
Hybrids 38.46 a 45.28 a 37.85 a 28.42 a
Inbreds 12.11 ¢ 13.03 be 13.38 be 10.71 b
Tetraploids 16.15 b 16.95 a 14.91 b 10.77 b
Time interval Mexican varieties 12.77 ¢ 13.95 b 14.20 b 10.34 b 1.86
Colombian varieties 22,21 a 24,02 a 22.44 a 16.34 a
Hybrids 12.70 ¢ 11.88 ¢ 12.04 ¢ - 10.63 b

1Each value is the average of the values of each of the genotypes within a group. The
value of each genotype is the average of the 8 values (BM = 2 blocks x 4 maturities).

2Values of the same trait (U, L, or U:L) in the same column with the same letter are not
significantly different (P<.05).

3LSD(.OS) = least significant difference at 5% level,
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When the spikelet positions are considered among different
genotype groups, it is found that the hybrids and inbreds have a
gshorter time interval (U:L) than other groups in position 1, 2 and
3 as is evident from the LSD (least significant difference) comparison
in Table 4.21, column 7. The Colombian varieties, on the other hand,
have the longest time interval (U:L) in all positions of a tassel.

The time interval (U:L) of the other groups fluctuate among different
positions. These results again confirm that there is an effect of
GRP x P on the time interval (U:L).

4.4.4. Genotype by spikelet position (V x P)

4.4.4,1. Effect of V x P interaction on the development of

microspores in upper flower (U), lower flower (L) and their time

interval (U:L) There is a significant interaction effect of

genotype by spikelet position (V x P/GRP) among groups in the develop-
ment of microspores in the upper flower (Table 9.1) and the lower
flower (Table 9.2). This ;mplies that the sequence in the develop-
ment of microspores is not consistent when different genotypes are
compared at the same spikelet position or when different spikelet
positions are compared at the same genotype. There is, therefore,
some variation in the sequence of the development of microspores
at various positions of a tassel among all genotypes.

The V x P/GRP interaction effect on time interval (U:L) also
exists among all genotypes (Table 9.3). This result implies that
the ranks of the time interval (U:L) are not consistent when different
genotypes are compared at the same spikelet position or when several

positions are compared at the same genotype.
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When comparisons are made between various genotypes within each
group, the V x P interaction effect is found only in the inbreds (Table
9.5) and the Colombian varieties (Table 9.8) but not in the tetraploids
(Table 9.6), Mexican varieties (Table 9.7) or hybrids (Table 9.9).

This indicates that the sequence in the development of microspores

in both upper and lower flowers and the time interval (U:L) at various
positions of a tassel are parallel among different genotypes within
each group such as the tetraploids, Mexican varieties and hybrids.

Although the sequence of the development of micfospores in various
positions of a tassel is different in both the upper and lower flowers
among inbred lines, the patterns in the time interval (U:L) of the
various positions are essentially similar among all inbred lines. On
the other hand, the V x P interaction exists in the time interval
(U:L) of the Colombian varieties (Table 9.8 and Table 4.22, colummn 5)
though the sequences in the development of microspores are parallel
between Colombian varieties at various positions (V x P) in both
florets (Table 9.8 and Table 4.22, columns 3 and 4). This wide
variation in the time interval (U:L) may explain the lower correlation
(r = 0.54) between upper and lower flowers of the Colombian varieties
(Table 4.10).

4.4.4.2. Correlation study of the effect of V x P interaction on

the development of microspores in upper flower (U), lower flower (L)

and their time interval (U:L) There 1s no genotype by spikelet

position (V x P/GRP) interaction effect on the correlation of the

development of microspores between upper and lower flowers based on
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Table 4.22. 1Interaction effect of genotypes by spikelet positions
(VxP) on microspore development (in cumulative frequency)
among Colombian varieties

1 2 3 4 5
Colombian Spikelet Upper flower Lower flower Time interva12
varieties (V) positions(P) ) (L) (U:L)
1 43,21 20.16 23.05 a

Ac436 2 46.62 21.78 24.84 a
3 41.61 14.47 27.14 a
4 22,20 8.65 13.55 b
1 48.50 27.12 21.38 ab

Ac440 2 55.10 31.90 23.20 a
3 45,58 27.84 17.74 v
4 30.80 11.67 19.13 ab

3
LSD(.05) 5.28

1Each value is the average of the 8 values (BM = 2 blocks x
4 maturities).

ZValues of the same variety in the same column with the same
letter are not significantly different (P<.05).

3LSD = least significant difference at 5% level.
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the combined analysis of variance (Table 9.4). This implies that the
correlations between upper and lower flowers on the development of
microspores are similar among all 30 genotypes at different spikelet
positions.

4.4,5. Tassel maturity by spikelet position (M x P)

4.4.5.1. Effect of M x P interaction on the development of

microspores in upper flower (U), lower flower (L), and their time

interval (U:L) Comparisons are made between two position means

on the development of microspores at the same maturity. This confirms
that position 2 has the most advanced stages and position 4 has the
least advanced stages within a tassel at various maturities of the
upper flower (Table 4.23, columns 3 and 4). The microspores in
position 1 and position 3 developed simultaneously during maturities
2, 3 and 4 of the upper flower. In maturity 1, however, the develop-
ment of microspores is more advanced in position 3 (CF = 13.04) than
in position 1 (CF = 10.78) (Table 4.23, columns 3 and 4). Therefore,
an M x P interaction effect on the development of microspores in the
upper flower is evident (Table 9.1).

Among lower flowers, MSG is initiated earliest at position 2
followed by positions 1 and 3 simultaneously in the young tassels
(for maturities 1 and 2) (Table 4.23, columns 5 and 6). In the old
tassels (maturities 3 and 4), however, position 3 has less advanced
stages than position 1. This indicates that there is an M x P inter-
action effect on the development of microspores in the lower flower

(Table 9.2).
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Table 4.23., Comparison in the mean rate of microspore development
(in cumulative frequency) between two spikelet position
means at the same tassel maturity among 30 genotypesls

1 2 3 4 5 6 7 8
Maturities Positions Upper flower Lower flower Time interval

Y (P) (v) (L) (U:L)
1 10.78 ¢ 1.72 be 9.06 b
2 19.22 a 5.66 a 13.56 a

1 3 13.04 b 3.27 b 9.77 b
4 4.48 d 0.52 ¢ 3.96 ¢
1 31.23 b 11.13 b 20.10 b
2 45.17 a 22,35 a 22,82 a

2 3 31.58 b 11.88 b 19.70 b
4 15,52 ¢ 4.29 ¢ 11.23 ¢
1 60.71 b 43.08 b 17.63 b
2 67.49 a 53.27 a 14,22 ¢

3 3 59.25 b 40,26 c 18.99 b
4 46.37 ¢ 25.65 d 20.72 a
1 88.67 b 82.05 b 6.62 be
2 90.83 a 84.93 a 5.90 ¢

4 3 87.94 b 80.13 ¢ 7.81 ab
b4 81.83 ¢ 73.61 d 8.22 a

1SD(.05)° 1.7 1.71 1.54
1

Each value 1s the average of the 60 values (BV = 2 blocks x
30 genotypes).

2Values of the same maturity in the same column with the same
letter are not significantly different (P<.05).

315D(.05) = least significant difference (P<.05).
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The time interval (U:L) at each spikelet position is influenced
by the maturity of the tassel (Table 9.3). With young tassels
(maturities 1 and 2), the longest time interval (U:L) is found at
position 2 [CF = 13.56(M1), CF = 22.82(M2)], followed by position 1
[cF = 9.06(M1), CF = 20.10(M2)] and position 3 [CF = 9.77(M1), CF =
19.70(M2)]. The shortest time interval (U:L) is at position 4
[cF = 3.96(M1), CF = 11.23(M2)]. With old tassels (maturities 3 and
4) the reverse condition prevails (Table 4.23, column 7).

With regard to the increment of the development of microspores
(IDM), it is found that the IDM is greater in position 2 than in
position 4 in young tassels (maturities 1 and 2) (Table 4.24, columns
4 and 6). However, as soon as the tassel becomes mature (maturity 4),
the IDM is greater in position 4 than in position 2.

When the IDM is related with the corresponding (position and
maturity) time interval (U:L), a clue emerges that the time interval
(U:1.) is proportional to the IDM. For example, position 4 has the
smallest IDM in maturity 1 [CF = 4.48(U), CF = 0.52(L)] and maturity 2
[CF = 11.04(U), CF = 3.77(L)] and thus results in the smallest time
interval (U:L) among 4 positions [CF = 3.96(M1), CF = 11.23(M2)] (Table
4,24, columns 4, 6 and 7). As soon as the tassel becomes mature
(maturity 4), the greatest IDM [CF = 35.46(U), CF = 47.96(L)] (Table
4.24, columns 4 and 6) is observed and the longest time interval
(U:L) (CF = 8.22) among 4 positions results (Table 4.24, column 7).

A further example is illustrated in position 2. Among 4 positions,
position 2 has the greatest IDM in maturity 1 [CF = 19.22(U), CF =

5.66(L)] and in maturity 2 [CF = 25,95(U), CF = 16.69(L)] (Table 4.24,



Table 4.24. The increment of the development of microspores (IDMI)1 (in cumulative frequency)
between two tassel maturity means at the same spikelet position among all genotypes

1 2 3 4 5 6 7 8
Spikelet Tassel Upper flower (U) Lower flower (L) Time inEerval
positions maturities IDM IDM (U:L)

(®) (M

1 10.78 10.78 1.72 1.72 9.06 ¢
2 31.23  20.45 11.13 9.41 20.10 a
1 3 60.71 29.48 43.08 31.95 17.63 b
4 88.67 27.96 82.05 38.97 6.62 d
1 19.22 19.22 5.66 5.66 13.56 b
2 45.17 25.95 22.35 16.69 22.82 a
2 3 67.49 22.32 53.27 30.92 14.22 b
4 90.83 23.34 84.93 31.66 5.90 ¢
1 13.04 13.04 3.27 3.27 9.77 b
2 31.58 18.54 11.88 8.61 19.70 a
3 3 59.25 27.67 40,26 28.38 18.99 a
4 87.94 28.69 80.13 39.87 7.81 ¢
1 4.48 4.48 0.52 0.52 3.96 d
2 15.52 11.04 4,29 3.77 11.23 b
4 3 46.37 30.85 25.65 21.36 20.72 a
4 81.83 35.46 73.61  47.96 8.22 ¢
LSD(.05) 2.51 2.95 1.88

1IDM is obtained by substracting the mean rate of microspore development (in cumulative
frequency) of a less advanced adjacent tassle maturity from that of a given tassel maturity.

2Values of the same spikelet position in the same column with the same letter are not
significantly different (P<.05).

881



189

columns 4 and 6) resulting in the longest time interval (U:L) [CF =

13.56(M1), CF = 22.82(M2)] (Table 4.24, column 7). In the mature

tassel (maturity 4), however, the smallest IDM [CF = 23,34(U), CF =

31.66(L)] (Table 4.24, columns 4 and 6) in position 2 is observed

among 4 positions and the shortest time interval (U:L) [CF = 5.90(M4)]

1s recovered (Table 4.24, column 7).

It 1s quite interesting that the time interval (U:L) is shorter
during maturity 1 (CF = 3,96-13.56), but it increases during maturity
2 (CF = 11,23-22,82) and maturity 3 (CF = 14,22-20.72) and then
drastically shortens when the tassel becomes mature (maturity 4,
CF = 5.90~8.22) (Table 4.23, column 7). This implies that the stages
of MSG in upper and lower flowers tend to become closer and closer
as the tassel becomes more mature.

Several findings have emeréed from an analysis of Table 4.23:

- The IDM is higher in the upper than in the lower flowers at all
positions of a young tassel (maturities 1 and 2). When the tassel
becomes old (maturities 3 and 4) the IDM is higher in the lower
flower than in the upper flower at all positions of a tassel except
in position 4 of maturity 3 tassel. This implies that there is a
tendency to shorten the time interval (U:L) as soon as the tassel

- approaches maturity.

- A similar IDM is found in various pesitions of the upper flower
among maturity 3 and maturity 4 (Table 4.24, column 4). However,
there is a much greater IDM in the lower flower of maturity &

than maturity 3 in positions 1, 3 and 4 (Table 4.24, column 6).
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As a consequence, the shortest time interval (U:L) appears in a
mature tassel (maturity 4) (Table 4.24, column 8),.

- Within a young tassel (maturities 1 and 2), position 2 shows the
greatest IDM and position 4 shows the smallest IDM. In contrast
to this, the greatest IDM in position 4 and the smallest IDM in
position 2_1s found within the old tassel (maturities 3 and 4).

- Among the different positions of the same tassel maturity, the
greater the IDM the longer the time interval (U:L). The reverse
is also true: the smaller the IDM the shorter the time interval
(U:L). It is thus possible to explain the relationship between
IDM and the fime interval (U:L) among various spikelet positions
when consideration is given to the same tassel maturity.

4.4.5.2. Correlation study of the effect of M x P interaction

on the development of microspores in upper flower (U), lower flower

(L) and their time interval (U:L) A highly positive correlation

between upper and lower flowers in the development of microspores

has been found on the basis of genotype classification (see Section
4.2.,1). 1In the present section, 16 correlation coefficient (r)

means (4 maturities x 4 positions) have been recovered from 480 r's
that were estimated on the basis of the VMP classification (see Section
3.10.1). 1Is there any M x P interaction effect on the correlation
between upper and lower flowers in the development of microspores?

In this section the term "correlation coefficient" (r) hereafter

used is designated as the correlation between upper and lower flowers

in the development of microspores.
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Comparisons on the correlation coefficients among different
positions at the same tassel maturity are made (Table 4.25). 1In
maturity 1, r is highest in position 2 (r = 0.64), lower in position
1 (r = 0.48) and position 3 (r = 0.47) and is the lowest in position
4 (r = 0.17). During maturity 2, r is highest in position 1 (r = 0.78)
and is lowest in position 4 (r = 0.64). In tassel maturity 3,
the highest r value is found in position 4 (r = 0.68). As the tassel
becomes mature (maturity 4), the r values are equally high (r = 0.79~
0.84) among all 4 positions. It is evident that the responses of the
correlation at different positions are not consistent with each of
the four tassel maturities., These results indicate a significant
M x P interaction effect on the correlation between upper and lower
flowers in the development of microspore based on the combined
analysis of variance over 5 groups (Table 9.4).

Comparisons of the r values among different tassel maturities
at the same spikelet position are also made (Table 4.26). Response
of the correlation in various maturities is not consistent with each
of the four positions. The results again confirm the M x P inter-
action (Table 9.4).

A positive correlation between upper and lower flowers in the
development of microspores is not found in four positions of maturity
1 (Table 4.25, column 2) and position 4 of tassel maturity 2 (Table
4,25, column 3). This results from the late initiation of MSG of the
lower flower because the lower flower has contributed much of

variation in the development of microspores. It appears that the
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Table 4.25. Comparison of the mean correlation coefficient (r) of
upper to lower flowers in microspore development
between two spikelet position means at the same tassel
maturity among 30 genotypesl’

1 2 3 4 5
Positions/Maturities 1 2 3 4
1 0.48 b 0.78% a 0.76* ab 0.79%
2 0.64 a 0.75*% ab 0.68* b 0.82%
3 0.47 b 0.73* ab 0.73% ab  0.84%*
4 0.17 ¢ 0.64 b 0.84*%% a 0.83%*
1.5D(.05)3 0.12

lEach correlation coefficient (r) is the average of 30 r's (v =
30 genotypes.

2Values of the same column with the same letter are not
significantly different (P<.05).

3LSD(.05) = least significant difference (P<.05).

*

. ne
P<5UJ-

*%
P<.01.
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Table 4.26. Comparison of the mean correlation coefficient (r)
of upper to lower flowers in microspore development
between two tassel maturity means at_the same
spikelet position among 30 genotypes-—*

1 2 3 4 5
Maturities/Positions 1
1 0.48 b 0.646 b 0.47 b 0.17 c
2 0.78* a 0.75% ab 0.73*% a 0.64 b
3 0.76* a 0.68* b 0.73*% a 0.84%% g
4 0.79*% a 0.82% 2a 0.84%% a 0.83%*% a
3
LSD(.05) 0.13

1Each correlation coefficient (r) is the average of 30 r's (V =
30 genotypes.

2Values of the same column with the same letter are not
significantly different (P<.05),

3LSD(.OS) = least significant difference (P<.05),
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r values (Table 4.25, column 2) are positively related to the advance
in the stage of MSG among four spikelet positions in tassel maturity
1 (Table 4.23, columns 3 and 5).

Within each spikelet position, in general, the correlation
coefficient increases along with advances in tassel maturation (Table
4,26). There is no significant difference among 4 positions of a
mature tassel (maturity 4) where the development of microspores in
the lower flower is closer to the stage of the upper flower. These
higher r values may be attributable to the smaller contribution of
the variation from both florets of a spikelet since the time intervals
(U:L) are very short during maturity 4 (Table 4.23, column 7). Again
this lesser variation in the time interval (U:L) among four positions
of a mature tassel (maturity 4) results in a lack of detectable
differences in the r values among four positions (Table 4.25,

column 5).

4.5. Anthesis

The three aspects of this investigation on the development of
microspores that constitute a continuous process include meiosis,
pollen maturation and pollen anthesis. In Sections 4.3 and 4.4,
various factors that may influence the development of microspores
such as genotype group, genotype, tassel maturity and spikelet
position have been described. In the present section (4.5),
consideration is given to the various factors that may affect the

performance of anthesis.
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The term "anthesis" is defined as the action or period of opening
of a flower. The "period of anthesis" as used in this investigation
is defined as the number of days when 957 of the spikelets of a
tassel have completed anther dehiscence.

A sequence of the segmental short time period, such as the first
day, the second day and so on, is used in this investigation to
measure the order of the onset of anther dehiscence among 4 different
spikelet positions of a tassel. The time interval (U:L) in anthesis
is designated hereafter as the number of days that separates pollen
shedding between upper and lower flowers of the same spikelet.

4.5.1. Factors that influence the time interval (U:L) in anthesis

4.5.1.1. Effect of genotype group (GRP) on time interval (U:L)

in anthesis Genotype group (GRP) differs in the time interval

(U:L) that separates the time of pollen shedding between upper and
lower flowers (Table 9.12, column 3). As shown in Table 4.27, there

iz a longer time interval (U:L) among tetraploids (2.48 days) and
Mexican varieties (2.39 days) than among inbreds (1.95 days), while

the hybrids show the shortest time interval (U:L) (1.79 days).

The Colombian varieties were not included in the anthesis investigation
gince they did not flower until late in September.

As mentioned above, meiosis is followed by the maturation of
pollen grains. As soon as the pollen grains become mature, anthesis
follows uninterruptedly in a continuous process. Is there, then, any
relationship between the time interval (U:L) during MSG and the time

interval (U:L) during anthesis? It was previously noted in Secticn
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Table 4.27. Comparison of the mean time interval (U:L) that
separates pollen shedding between upper and lower
flowers among 4 genotype groups

Mean time 1 2
Genotype groups No. spikelets interval (U:L) LSD(.05)
(GRP) investigated (days) = 0.15

Inbreds 3,055 1.95 b
Tetraploids 689 2.48 a
Mexican 662 2.39 a
varieties

Hybrids 535 1.79 c

lMean time interval (U:L) of the sampled spikelets of a genotype
group.

2LSD(.OS) = least significant difference at 5% level. Values

with the same letter are not significantly different (P<.05)-
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4.3.1.1 (Table 4.9) that the time intervals (U:L) during MSG are
longer in the tetraploids (CF = 14.70), shorter in the Mexican
varieties (CF = 12.81), the inbreds (CF = 12.31) and the hybrids

(CF = 11.82). Apparently, the rankings of the time interval (U:L)

of the genotype groups are essentially similar when the MSG time
intervals (U:L) are compared with the time intervals (U:L) during
anthesis. This implies that the time interval (U:L) that separates
pollen shedding is positively related to the time interval (U:L)

that separates the development of microspores between upper and lower
flowers during MSG.

Why do the tetraploids and the Mexican varieties have longer
time intervals (U:L) during the anthesis period? 1Is this a result of
selection pressure or is it a consequence of adaptation or photoperiod
sensitivity? On the other hand, does polyploidy influence the time
interval (U:L)? The tetraploid stocks originated among Illinois
varieties which would obviate the adaptation or photoperiod effect.
It might then be reasonable to attribute the longer time interval
(U:L) as a consequence of the polyploid characteristics. The Mexican
varieties are not so easily reconcilable. With an origin from a
short day, subtropical Mexican area, the Mexican varieties would
encounter a challenging photoperiod or temperature environment in
Iowa.

4.5.1.2, Effect of genotype (V) on time interval (U:L) in

anthesis There are significant differences in the time intervals
(U:L) in anthesis among all 25 genotypes (V/GRP) investigated based

on the combined analysis of variance over 4 groups (Table 9.12).
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Among 25 genotypes, the longest time interval (U:L) is found in the
inbred 8'4906 (3.11 days) and the shortest one is found in the
variety, Country Gentleman (1.41 days) (Table 4.28, column 4).

The average time interval (U:L) that separates pollen shedding
between upper and lower flowers of the same spikelet among 4,941
spikelets investigated is 2.06 days. These results imply that
variation does exist in the time interval (U:L) among these 25
genotypes.

Within each genotype group, significant differences in the time
interval (U:L) are found in the inbreds (Table 9.13) and the hybrids
(Table 9.16), but not in tetraploids (Table 9.14) and Mexican
varieties (Table 9.15). Most inbreds and hybrids have a time interval
(U:L) shorter than 2.06 days (Table 4.28, column 4), while none of
the tetraploids and the Mexican varieties have a time interval (U:L)
shorter than 2.06 days. These results based on the 25 genotypes
investigated imply that selection for the time interval (U:L) within
inbreds or hybrids is possible and that selection for time interval
(U:L) among genotypes of different genotype groups could be very
effective.

4.5.1.3. Effect of spikelet position (P) on time interval (U:L)

in anthesis Spikelet positions (P) differ in the time interval
(U:L) in anthesis based on the combined analysis of variance over 4
genotype groups (Table 9.12). The time interval (U:L) during anthesis
is longer in positions 3 (2.13 days) and 4 (2.22 days) than in

positions 1 (1.94 days) and 2 (1.97 days) (Table 4.29).



Table 4.28. Comparison in the mean time interval (U:L) that separates pollen shedding between upper
and lower flowers within and among genotype groups

1 2 3 4 5 6
Time interval .05 .05
No. of spikelet (u:L)2 LD o) LSD¢ o1y
Groups (GRP) Genotypes (V) investigated (days) within group among groups
1. A3G 187 1.54
3. F1B1(B2xFe-2) 216 1.74
4. 1159 253 2.12
5. I224(A1) 173 1.90
6. Ind461 188 1.59 0.25
7. LE23 200 1.82 (0.34)
Inbreds 8. 0s420 157 1.73
9. Tr-9 205 1.68
10. Ind456 187 2.00
11. I1112-E 248 2.01
12. CI1187-2 212 2.56 0.38
13. CI540 207 1.71 (0.50)
26. 8'4913 164 1.96
29. 8'4906 201 3.11
30. 8'4903 257 1.81
Tetraploids 14. 3'1624 391 2.61
15. 3'1367 148 2.57
16. 3'1622 150 2.25
Mexican 17. Ac406 212 2.64
varieties 18. Ac4l5 193 2.20
19. Ac420 129 2.53
20. Ac42l 128 2.18
Hybrids 23, 8'4913/4907 207 1.91
25. 8'4902/4913 178 2.06 0.22
27. Country Gentleman 150 1.41 (0.37)
Total 4,941 X = 2.06__

aAverage time interval (U:L) of the spikelets investigated,

661
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Table 4.29. Comparison in the meén time interval (U:L) (in days)
that separates pollen shedding between upper and
lower flowers among 4 different positions

Mean time 1 2
Positions (P) interval (U:L) LSD (.05)
(days) = 0.10
1 1.94 b
2 1.97 b
3 2.13 a
4 2.22 a

1Average time interval (U:L) of the sampled spikelets of 25
genotypes for each position.

2LSD(.OS) = least significant difference at 57 level. Values

with the same letter are not significantly different (P<.05).
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Does the time interval (U:L) among spikelet positions during
anthesis relate to that of the time interval (U:L) during tassel
maturity 4 of MSG? Since the development of microspores is a
continuous process from the onset of meilosis until anther dehiscence,
it would be reasonable to expect that the time interval (U:L) during
anthesis may strongly relate to the time interval (U:L) during maturity
4 of MSG. As mentioned in Section 4.4.5.1 (Table 4.23, column 8),
the time interval (U:L) during maturity 4 of MSG is higher in positions
3 (CF = 7.81) and 4 (CF = 8.22) than in positions 1 (CF = 6.62) and
2 (CF = 5,90). These results confirm that the time interval (U:L)
in anthesis parallels the time interval (U:L) of its previous period
Bf ?icrospore development (maturity 4) among different positions of
25 pooled genotypes.

Why does the upper part of tassel (positions 1 and 2) have a
shorter time interval (U:L) than the lower part of tassel (positions
3 and 4)? In answering this question, reconsideration should be éiven
to the finding in Section 4.4.5,1 that the time interval (U:L) is
proportional to the IDM (Increment of the Development of Microspores)
among various positions within a tassel maturity. The increments
(IDM) for tassel maturity 4 in positions 1, 2, 3 and 4 of the upper
flower are 27.96, 23.34, 28.69 and 35.46 (in cumulative frequency, CF),
respectively (Table 4.24, column 4), and for the lower flower are
38.97, 31.66, 39.87 and 47.96 (in CF) (Table 4.24, column 6). The
IDM's are greater in positions 3 and 4 than positions 1 and 2 in

both flowers. The finding that the time interval (U:L) of maturity 4
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is higher in positions 3 (CF = 7.81) and 4 (CF = 8.22) than in
positions 1 (CF = 6.62) and 2 (CF = 5.90) (Table 4.23, columns 7

and 8), confirms the previous result presented in Section 4.4.5.1
that among the different positions of the same maturity, the greater
the IDM the longer the time interval (U:L).

Based on the above facts that the time interval (U:L) in anthesis
parallels the time interval (U:L) in maturity 4 of MSG and that the
development of microspores is a continuous process, it would be
logical to infer that the IDM's are greater in positions 3 and 4
than in positions 1 and 2 from the known time interval (U:L) of

anthesis.

4,5.1.4. Effect of genotype group by spikelet position (GRP x P)

interaction on time interval (U:L) in anthesis There is no GRP x P

interaction effect on the time interval (U:L) in anthesis (Table 9.12).
This is evident from Table 4.30(A), where the tetraploids and the
Mexican varieties have longer time intervals (U:L) than inbreds and
hybrids at each of the 4 spikelet positions.

A comparison in the time interval (U:L) between different spike~
let positions at the same genotype group is made in Table 4.30(B).
Among various genotype groups, both positions 3 and 4 have a longer
time interval (U:L) than positions 1 and 2. The similarity in
response in the time interval (U:L) between genotype groups at each
spikelet position 18 an indication of the lack of a GRP x P interaction

effect.
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Table 4.30. Comparisons in ihe mean time interval (U:L) (in days)
during anthesis™ between two genotype group means at
the same spikelet position (A) and that between two
spikelet position means at the same genotype group (B)

(a)
Groups/Positions 1 2 3 4
Inbreds 1.84 b 1.88 ¢ 2.00 b 2,07 b
Tetraplolids 2,25 a 2,44 a 2.45 a 2,77 a
Mexican 2,35 a 2.11 b 2.52 a 2,58 a
varieties
Hybrids 1.54 ¢ 1.75 ¢ 1.95 b 1.92 b
LSD(.OS)3 0.22
(B)
Mexican
Positions/Groups Inbreds Tetraploids varieties Hybrids
1 1.84 b 2,25 ¢ 2.35 b 1.54 ¢
2 1.88 b 2.44 b 2.11 ¢ _ 1.75
3 2,00 ab 2,45 b 2.52 b 1.95 a
4 2,07 a 2,77 a 2.58 a 1.92 ab
LSD(.05) 0.19

*Average time interval (U:L) of the sampied spikelets at each
position of each of the genotypes of a group.

2Values in the same column with the same letter are not

significantly different (P<.05).

3LSD(.OS) = least significant difference at 57 level.
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4.5.1.5. Effect of genotype by spikelet position (V'x P) on

time interval (U:L) in anthesis The V x P/GRP interaction effect

on the time interval (U:L) in anthesis exists among 25 genotypes
based on the combined analysis of variance over 4 genotype groups
(Table 9.12). Within each group, this V x P interaction effect

on the time interval (U:L) is only found in inbreds (Table 9.13)

and not found in tetraploids (Table 9.14), Mexican varieties

(Table 9.15) or hybrids (Table 9.16). These results indicate that
the responses of the time interval (U:L) in each of the 4 positions
among all genotypes within each group except those of inbreds are
similar. In other words, the time interval (U:L) in positions 3
and 4 is usually longer than positions 1 and 2 in each of the groups;
tetraploids, Mexican varieties and hybrids. Among inbreds or all 25
genotypes, on the other hand, the response of the time interval
(U:L) may differ between different genotypes at the same spikelet
position or between spilkelet positions at the same genotype.

4.5.2. Factors that influence the sequence of the onset of anther

dehiscence among 4 spikelet positions within a tassel

4.5.2,1. Effect of spikelet position (P) on the sequence of

the onget of anther dehiscence Spikelet position as arbitrarily

defined (Fig. 3.1) is significant in the determination of the sequence
in the development of microspores (see Section 4.3.4) as well as the
sequence of the onset of anther dehiscence among 4 different spikelet
positions in a tassel. When all genotypes are considered (Table 4.31,
columns 2 and 3), the first pollen shedding anthers appear in position

2 (1st day), followed by position 1 (1.53th day), then position 3



205

Table 4.31. The mean sequence of the onset of anther dehiscence
within a tassel

1 2 3
Spikelet position Anther dehisgence 1 LSD(.OS)2
(P) sequence (1~ day) = 0,16
1 1.53 b
2 1.00 a
3 2.20 c
4 3.55 d

1The earliest anther dehiscence (first day) of the tassel occurs
at the spikelets of position 2.

2LSD(.OS) = least significant difference at 5% level. Values
with the same letter are not significant different (P<.05),
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(2.20th day) and finally, position 4 (3.55th day). As a consequence,
the sequence of the onset of anther dehiscence shows a significant
difference among 4 spikelet positions (P) of a tassel based on the
combined analysis of variance over 4 groups (Table 9.12, colummn 4).
Unlike the effect of spikelet position on the development of micro-
spores (Table 4.16) where MSG is initiated simultaneously in positions
1 and 3, anther dehiscence appears earlier in position 1 (1.53th day)
than position 3 (2.20th day) (Table 4.31).

4.5.2.2, Effect of genotype group by spikelet position (GRP x P)

on the sequence of the onset of anther dehiscence There is a GRP x P

interaction effect on the sequence of the onset of anther dehiscence

in a tassel (Table 9.12, column 4). In genotype groups, inbreds,
tetraploids, and Mexican varieties, the sequence in the onset of

anther dehiscence within a tassel is as follows: positions 2, 1, 3

and 4 (Table 4.32(A), columns 2, 3 and 4). In hybrids, however, anthers
dehisce at the same time in spikelet positions 1 and 2 (Table 4.32(A),
column 5).

When comparisons are made on the sequence of the onset of anther
dehiscence between different genotype groups at the same spikelet
position [Table 4.32(B)], it is found that the Mexican varieties
shed pollen the latest whereas the hybrids shed pollen the earliest
in positions 1, 3 and 4 among four genotype groups. No difference
should be found in position 2 on the sequence of the onset of anther
dehiscence among 4 groups because the anthesis dehiscence is always

first evident in position 2 of a tassel. These results indicate
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Table 4.32. Comparison. in the mean sequence of the onset of anther
dehiscence™ within a tassel between two spikelet position
means at the same genotype group (A) and between two 1.2
genotype group means at the same spikelet position(B)*

(A) 1 2 3 4 5
Sequence of anther dehiscence (ith day)
Mexican
Positions/Groups Inbreds Tetraploids varieties Hybrids
1 1.58 b 1.44 b 1.67 b 1.22 a
2 1.00 a 1.00 a 1.00 a 1.00 a
3 2,20 ¢ 2.00 ¢ 2.67 ¢ 1.78 b
4 3.42 d 3.56 d 4,17 d 3.33 ¢
150(.05)> 0.32
(B)
Sequence of anther dehiscence (ith day)
Groups/Positions 1 2 3 4
Inbreds 1.58 ab 1.00 a 2,20 b 3.42 a
Tetraploids 1.44 ab 1.00 a 2.00 ab 3.56 a
Mexican 1.67 b 1.00 a 2.67 c 4,17
varieties
Hybrids 1.22 a 1.00 a 1.78 a 3.33 a
1SD(.05)> 0.37

lAverage sequence of the onset of anther dehiscence in each
position of the 3 sampled tassels of each of the genotypes
of a group,

2Values in the same column with the same letter are not
significantly different (P<.05).

3LSD(.OS) = Jeast significant difference at 5% level.
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a GRP x P interaction effect on the sequence of the onset of anther

dehiscence in a tassel.

4.5.2.3. Effect of genotype by spikelet position (V x P) on the

sequence of the onset of anther dehiscence From a combined analysis

of variance over 4 genotype groups, a highly significant interaction
effect of V x P/GRP is found on the sequence of the onset of anther
dehiscence (Table 9.12, column 4). In certain genotypes such as some
of the inbreds, anther dehiscence is first evident in position 2

and then proceeds simultaneously upward to position 1 and downward

to position 3 followed finally by position 4 (Table 4.33). 1In others,
such as most tetraploids and hybrids, the spikelets of positioms 1,

2 and 3 may shed pollen at a similar time (undetected difference,
statistically). In most genotypes, pollen shedding in position 1

is either earlier than or equal to position 3 except two genotypes,
inbred I1112E and Mexican variety Ac4l5, where anther dehiscence is
earlier in position 3 than in position 1 (Table 4.33).

This V x P interaction effect on the sequence of the onset of
anther dehiscence 1s also found in inbreds (Table 9.13) but is not
found in the other genotype groups such as tetraploids (Table 9.14),
Mexican varieties (Table 9.15) and hybrids (Table 9.16).

4.5.3. Factors that influence the period of anthesis within a tassel

4.5.3.1. Effect of genotype group (GRP) on the period of

anthesis The anthesis period is similar among the inbreds (6.68
days), the tetraploids (6.89 days), and the hybrids (7.00 days)

(Table 4.34). There is a significantly longer period of anthesis in
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Table 4.33. Comparison in the sequences of the onset of anther dehiscence™ of a tassel between two

spikelet position means at each of the 25 genotypes

1 2 3 4 5
Genotypes(V)/ Sequence of anther dehiscence (ith day)
Groups Positions (P) 1 2 3 4
1. A3G 1.00 a 1.00 a 2.33 b 3.33 ¢
3. F1B1(B2xFe-2) 1.00 a 1.00 a 2.00 b 3.67 c
4. 1159 1.67 a 1.00 a 1.67 ab 2.33 b
5. 1224(Al) 1.67 a 1.00 a 2.67 b 3.33 b
6. Ind461 1.00 a 1.00 a 1.67 a 3.00 ¢
7. LE23 1.67 a 1.00 a 3.00 b 4.33 ¢
Inbreds 8. 05420 1.00 a 1.00 a 2.33 b 3.67 ¢
9. Tr-9 1.33 ab 1.00 a 2.00 b 3.67 c
10. Ind456 1.33 a 1.00 a 2.67 b 3.00 b
11. I1112-E 2,33 b 1.00 a 1.33 a 2.00 b
12. C1187-2 2,00 b 1.00 a 2.67 b 3.67 c
13. CI540 2.33 b 1.00 a 2.67 b 5.67 ¢
26. 8'4913 2,00 b 1.00 a 2.00 b 3.00 ¢
29. 8'4906 1.33 b 1.00 a 2,00 b 3.33 ¢
30. 8°4903 2.00 b 1.00 a 2.00 b 3.33 ¢
14. 371624 1.67 a 1.00 a 2.67 b 4.67 c
Tetra—- 15. 371367 1.33 a 1.00 a 1.67 a 3.00 b
ploids 16. 31622 1.33 a 1.00 a 1.67 a 3.00 b

lThe mean sequence of anther dehiscence in each position of the three tassels of the
genotype,

2Values in the same position with the same letter are not significantly different (P<.05),

602



Table 4.33. (continued)

1 2 3 4
Sequence of anther dehiscence (ith day)

Genotypes(V)/
Groups Positions (P) 1 2 3 4

17. Ac406 1.00 a 1.00 a 2.00 b 3.00 ¢

18. Ac4l5 2.00 b 1.00 a 1.67 a 3.00 c
Mexican 19. Ac420 2.00 b 1.00 a 2.67 c 4,00 d
varieties 20. Ac42l 1.67 a 1.00 a 4.33 b 6.67 c

23. 8%4913/4907 1.00 a 1.00 a 1.67 a 3.00 b
Hybrids 25. 8'4902/4913 1.00 a 1.00 a 1.33 a 2.67 b

27. Country Gentleman 1.67 ab 1.00 a 2.33 b 4.33 ¢
1SD(.05)3 0.79

3i.SD(.OS) = least significant difference at 5% level.

01z



211

Table 4.34. Comparison of the mean period of anthesisl for a tassel

among 4 different genotype groups

No. of tassel Period of LSD(.OS)2
Groups (GRP) investigated anthesis (days) = 0.61
Inbreds 45 6.68 E
Tetraploids 9 6.89 b
Mexican varieties 12 10.17 a
Hybrids 9 7.00 b

1Mean of the period of anthesis of the three tassels for each
of the genotypes of a group.

2LSD(.OS) = least significant difference at 5% level. Values

with the same letter are not significantly different (P<.05).
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the tassels of Mexican varieties (10.17 days). This results in
significant differences in the period of anthesis within a tassel
among genotype groups (GRP) (Table 9.12, column 5).

Why do the Mexican varieties have an extraordinarily long
anthesis period? Some of the following facts are known. The group
of Mexican varieties has a longer time interval (U:L) than either
inbreds or hybrids (Table 4.27). Furthermore, this group sheds
pollen later than any of the other groups at positions 1, 3 and 4
[Table 4.32(B)]. It seems that these features of anthesis of the
Mexican varieties studied are interrelated and anthesis is probably
influenced by the photoperiod sensitivity of this group. The Mexican
varieties were selected under a short day Mexican regime and thus
adapted to short day conditions. When this group of varieties grows
in the longer day of the U.S. corn belt (Table 9.11), some retardation
in the development of microspores may result, leading to a retardation
in all features of anthesis.

4.5.3.2, Effect of genotype (V/GRP) on the period of anthesis

There are highly significant differences in the average period of
anthesis among 25 genotypes (V/GRP) (Table 9.12, column 5). In most
genotypes investigated, the period of anthesis is around 7 days.

0f the 25 genotypes investigated, 8 genotypes (4 Mexican varieties,

3 inbreds and 1 tetraploid) have an anthesis period of more than 8
days (Table 4.35). If any two genotypes are separated by an anthesis
period of more than 1.51 days (LSD .05), it is considered to be

significantly different on an overall genotype basis (Table 4.35,



Table 4.35. Comparison in the period of anthesis between genotypes within and among genotype groups
1 2 3 4 5 6
Genotype Genotypes Anthesis Date of LSD(.05)°€ LSD(.05) €

groups Q') period® anthesis (within group) (among groups)
(GRP)
1. A3G 8.50 Aug. 11
3. F1B1(B2xFe-2) 6.33 Aug. 8
4. 1159 5.67 Aug. 16
5. 1224(Al1) 5.67 Aug. 7
6. Ind461 5.67 Aug. 7
7. LE23 7.00 Aug. 11
Inbreds 8. 0s420 6.00 Aug. 7 1.52
9. Tr-9 5.33 Aug. 9
10. Ind456 6.67 Aug. 10 1.51
11. 11112-E 6.00 Aug. 17
12. CI187-2 6.33 Aug. 12
13. CI1540 8.67 Aug. 13
26. 8'4913 6.00 Aug. 17
29. 8'4906 10.00 Aug. 24
30. 8'4903 6.33 Aug. 18
14. 3'1624 8.33 Aug. 7
Tetraploids 15. 3'1367 6.33 Aug. 7 1.19
16. 3'1622 6.00 Aug. 7

%The mean of the anthesis periods of the three tassels.

bDate of 1975,

€LSD(.05) = least significant difference at 5% level,

€1¢



Table 4.35. (continued)

1 2 3 4 5 6
Genotype Genotypes Anthesis Date of LSD(.05)€ LSD(.05)€
groups ) perioda anthesis (within group) (among groups)
(GRP)

17. Ac406 11.33 Aug. 23
Mexican 18. Ac4l5 9.00 Aug. 11
varieties 19. Ac420 10.00 Aug. 16
20. Ac42l 10.33 Aug. 7
23. 8'4913/4907 7.33 Aug. 9
Hybrids 25. 8'4902/4913 6.33 Aug. 10
27. Country Gentleman 7.33 Aug. 10

%1¢
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column 6). There is, therefore, much variation in the period of
anthesis among all genotypes.

Within a genotype group, the inbreds (Table 9.13) and tetra-
ploids (Table 9.14) differ in the period of anthesis (Table 4.35,
columns 3 and 5). Therefore, selection for the period of anthesis
among inbreds and tetraploids could be effective.

4.5.4. 1Is there a temperature effect or photoperiod effect on anthesis?

It was evident from the literature review of this thesis that both
temperature and photoperiod (Sections 2.2.4 and 2.3.4) may play a
role in determining the duration of melosis, pollen maturation and
anthesis., From this, two questions are raised. First, does the
temperature or photoperiod affect the response of the time interval
(U:L) or the period of anthesis of a genotype? Secondly, if the
answer to question 1 is positive, would the effect of genotype group
or genotype on the time interval (U:L) and the period of anthesis be
masked by temperature or photopericd effect? To answer these questionms,
additional comparisons have been made.

Among 25 genotypes investigated, each flowered at a different
time ranging from August 6 to September 3, 1975. During this whole
period, the duration of daylight (day-length) ranged from the longest
period, for example 14 hours 14 minutes on August 6, to the shortest
13 hours 1 minute on September 3 (Table 9.11). In order to determine
the possible effects such as temperature and day-length on the time
interval (U:L) or period of anthesis among genotypes, the whole

flowering season is divided into 3 sections. Any genotype shedding
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pollen during the period from August 6 to August 13 was considered

as temperature 1 and day-length 1. Genotypes flowering from August 4
to August 21 were classified as temperature 2 and day-length 2, and
any genotype flowering between August 21 and September 3 was

assigned to temperature 3 and day-length 3. The temperature and day-
length during each of these 3 sections are given in Table 9.11.

As shown in Table 9.11, columns 2, 5 and 8, the mean temperature
is quite similar at all temperatures; temperature 1 (73.7°F),
temperature 2 (71.3°F) and temperature 3 (73.8°F). The average
minimum temperature is also very similar among the three temperatures;
temperature 1 (59.S°F), temperature 2 (59.6°F) and temperature 3
(62.2°F). It is doubtful that the similarity of temperatures among
three sections of the flowering period can obviate the effect of
temperature on the time interval (U:L) and period of anthesis.
Possibly, the variation arising from the time interval (U:L) and
the anthesis period could be attributed to the effect of either
the genotype or some other factors such as photoperiod.

4.5.4.1. Photoperiod effect on the time interval (U:L) and

the period of anthesis The range of day-length is from 14 hours

14 minutes to 13 hours 59 minutes with an average of 14 hours 7
minutes in day-length 1 (D1) and from 13 hours 56 minutes to 13 hours
38 minutes with an average of 13 hours 48 minutes in day-length 2
(D2), Day-length 3 (D3) ranges from 13 hours 38 minutes on August

22 to 13 hours 1 minute on September 3 with an average day-length of

13 hours 21 minutes (Table 9.11, columns 3, 6 and 9).
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As shown in Table 9.17, a significant difference in the time
interval (U:L) among different day lengths was found based on the
analysis of variance among 25 genotypes. The time intervals (U:L)
in D1 and D2 are 1.96 days and 2.03 days, respectively, and no
significant difference was found between them. The time interval
(U:L) under the D3 level is 2.88 days and is significantly longer
than the other two levels [Table 4.36(B)].

Like the response of day-length on the time interval (U:L),
the period of anthesis in D1 and D2 is 6.79 days and 7.21 days,
respectively, and no significant difference is found among them.
However, the period of anthesis in D3 is 10.67 days and is signifi-
cantly longer than the other two [Table 4.36(B)]. The period of
anthesis, therefore, differs among different day-length levels
(Table 9.12). As shown in Table 9.12, 22% of the total variance in
the time interval (U:L) is associated with the day-length effect.
Thirtv-two percent of the total variance in the peribd of anthesis
is attributable to day-length effect. These results indicate that
a striking effect on day~length on the time interval (U:L) and the
period of anthesis may be found in those genotypes that shed pollen
after August 21, 1975,

With the 15 inbreds [Table 4.36(A)], it is evident that the
day~length effect on the time interval (U:L) and the period of
anthesis is essentially similar as those for all 25 genotypes
[Table 4.36(B)].

Another question i1s related to the modification by day-length
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Table 4.36. Comparison in the mean time interval (U:L) and period
of anthesis among 3 day-length conditions of the
inbreds (A) and the 25 genotypes (B)

(4)
Day-leTgth No. of Time interval (U:L)2 Anthesis period3
(D) genotypes (days) (days)
1.73 5.80
1.95 6.80
3.11 10.00
(B)

Day-lefgth No. of

Time interval (U:L)2

Anthesis period3

(D) genotypes (days) (days)
1 11 1.96 b* 6.79 b*
2 12 2.03 b 7.21 b
3 2 2.88 a 10.67 a
LSD(.05) 0.56 1.75
lDay—l“ngth(D): la 9.11

2

Mean of the time interval (U:L) of the sampled spikelets of each

of the genotypes flowering at a given day-length condition.

3

Mean of the period of anthesis of the three tassels for each

of the genotypes flowering at a given day-length condition.

4

Values in the same column with the same letter are not
significantly different (P<.05).
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on the effect of spikelet position on the time interval (U;L)

during anthesis. At each day-length level the effect of spikelet
position (P) on the time interval (U:L) is highly significant

(Table 9.18, column 4). Like the effect of spikelet position on

time interval (U:L) without any consideration for the day-length
influence (Table 4.29), a similar conclusion is reached here.

That is, the time interval (U:L) is longer in positions 3 and 4

than in positions 1 and 2 at each of the three day-length levels
(Table 4.37). Therefore, the effect of spikelet position on the time
interval (U:L) is not modified by the day-length effect.

4.5.4.2. Comparison of the time interval (U:L) and the period

of anthesis between genotypes at the same day-length condition Is

the basis for the significant difference in the time interval (U:L)
and the period of anthesis between different genotypes within and
among groups masked by a day-length effect? 1In order to clarify
this question, a comparison was made in the time interval (U:L)
and the period of anthesis among 15 inbreds or among 25 genotypes
at each of the three day-length levels.

Comparisons within 15 inbreds are made by classifying them into 3
day-length levels, because it is believed that the variation within
a genotype group should be less than among groups. Within 15 inbreds
investigated, 5 of them shed pollen during D1, 9 of them during D2,
and one under D3. There is a significant difference in the time

interval (U:L) among inbreds (V) both in D1 and D2 (Table 9.19).
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Table 4.37. Comparison in the time interval (U:L) (in days) during
anthesis between two position means at the same day-
length™ condition among 25 genotypes

Positions(P)/Day-length(D) 1 2 3
1 1.80 c 1.93 b 2.69 be
2 1.94 b 1,93 b 2.41 ¢
3 ' 1,97 b 2.13 a 3.04 ab
4 2,13 a 2,12 a 3.36 a
15D(.05)° 0.14 0.14 0.40

1Day—length: See Table 9.11.

2V’alues in the same column with the same letter are not
significantly different (P<.05),

3LSD(.OS) = least significant difference at 5% level,
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As shown in Table 4.38, the time interval (U:L) is longer in the
inbred 1224(A1) (1.90 days) than inbreds Ind461 (1.59 days) and
Tr-9 (1.68 days) under a D1 level. At the D2 level, the time
interval (U:L) is longer in inbreds CI187-2 (2.56 days) and I159
(2.12 days) but lower in inbreds A3G (1.54 days) and CI540 (1.71 days).
This indicates that there is variation in the time interval (U:L)
among inbreds since this comparison was made under the same day-
length level.

Among inbreds, a highly significant difference is found in the
period of anthesis of the D2 but not found in the D1 level (Table
9.19).' For example, the period of anthesis under the D2 level is
longer in inbreds A3G (8.50 days) and CI540 (8.67 days) but is
shorter in inbreds I159 (5.67 days), I1112-E (6.00 days) and
8'4913 (6.00 days). Most inbreds under a D1 level have a period
of anthesis less than 6.0 days (Table 4,39)., It appears that the
inbreds shedding pollen during the D1 level have a short anthesis
period. This result indicates that there is variation in the period
of anthesis in those inbreds that shed pollen under D2 condition.
Comparisons among inbreds at the D3 level were not made since only
one inbred (8'4906) flowered under this day-length level (D3).

What is the true variation in the time interval (U:L) and
anthesis period among 25 genotypes? For this, a comparison is made
at each day-length level. The number of genotypes included in this

comparison under the D1, D2 and D3 levels are 11, 12 and 2,
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Table 4.38. Comparisons in the time interval (U:L) and period of
anthesis between two genotype means at the same level
of day-length condition among inbreds

Time intgrval Anthesis

Day-length (U:L) period®
m? Genotypes Days LSD(.05) Days
3. Hy 1.74 6.33
5. 1224(Al1) 1.90 5.67
6. Ind461 1.59 0.17 5.67
1 8. 08420 1.73 6.00
9. Tr-9 1.68 5.33
1. A3G 1.54 8.50
4, 1159 2,12 5.67
7. LE23 1.82 7.00
2 10. Ind456 2,00 6.67
11. I1112-E 2,01 0.28 6.00
12, CI187-2 2,56 6.33
13. CI540 1.71 8.67
26, 8'4913 1.96 6.00
30. 874909 1.81 6.33
3 29. 8'4906 3.11 10.00

aDay-length (D): See Table 9.11.

bTime interval (U:L) (days): Mean of the time intervals (U:L)
of the 4 positions of the sampled spikelets for a genotype.

CAnthesis period (days): Mean of the period of anthesis of
the three sampled tassels for a genotype.



Table 4.39. Comparisons in the time interval (U:L) and anthesis period between two genotype
means at the same day-length condition among 25 genotypes

Time interval (U:L)b

Anthesis periodc

Day-length Genotype Genotypes
()2 groups (GRP) 4)) Days LSD(.05) Days LSD(.05)
3. Hy 1.74 6.33
5. 1224(Al) 1.90 5.67
Inbreds 6. Ind46l 1.59 5.67
8. 0s420 1.73 6.00
1 9. Tr-9 1.68 0.44 5.33 1.37
14. 3'1624 2.61 8.33
Tetraploids 15. 3°'1367 2.57 6.33
16. 3'1622 2.25 6.00
Mexican 20. Ac42l 2.18 10.33
variety
23. 8'4913/4907 1.91 7.33
Hybrids 27. Country Gentleman 1.41 7.33
1. A3G 1.54 8.50
4. I159 2.12 5.67
7. LE23 1.82 7.00
Inbreds 10. Ind456 2.00 6.67
2 11. I1112-E 2,01 6.00
12. CI187-2 2.56 0.31 6.33 1.74
13. CI540 1.71 8.67
26. 8'4913 1.96 6.00
30. 8’4909 1.81 6.33
Mexican 18. Ac4l5 2,20 9.00
varieties 19. Ac420 2.53 10.00
Hybrid 25. 8'4902/4913 2.06 6.33
3 Inbred 29. 8'4906 3.11 10.00
Mexican 17. Ac406 2.64 0.13 11.33 1.43
variety
a.b,c

Same as the previous Table 4.38.

£7¢
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respectively. As indicated in Table 9.12, there are significant
differences both in the time interval (U:L) and the period of
anthesis among 25 genotypes (V/GRP) at each level of day-length.

The comparisons in the time interval (U:L) and anthesis period among
genotypes of each day-length level are given in Table 4.39. The
results confirm that variation does exist both in the time interval
(U:L) and anthesis period among all genotypes. Selection for the
time interval (U:L) and the anthesis period is possible.

In answering the questions raised in the beginning of this

section (4.5.4), the following conclusions can be stated:

1) A significant effect of the day-~length on the time interval
(U:L) and the period of anthesis was found in those geno-
types (two) that flowered under day-length 3 (D3) level,
i.e., flowered after August 21, 1975.

2) The significant differences in the time interval (U:L)

and the anthesis period amon

IRV S

Q

enotypes within and among

groups are dependent on their genotypic variation instead

of a day-length effect.

4.6, Correlation in the Time Interval (U:L) Between

Anthesis and MSG
Microspore development and anthesis have been discussed in the

previous section. Attention has been directed to the differential
development of microspores between upper and lower flowers, i.e.,

the time interval (U:L) in MSG and anthesis. In this section, an

attempt is made to relate the time interval (U:L) of anthesis with
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the time interval (U:L) of the period immediately preceding, MSG.
In this study, the last step (mic. 6.5) of the 28 arbitrarily
designated stages of MSG is the pollen shedding stage. As a
consequence, maturity 4 may include a small part of the tassel
that is actually progressing in anthesis.

Since MSG is a continuous developmental process from leptotene
until pollen shedding, the following questions are asked:

1) Does the average time interval (U:L) of 4 tassel maturities
that separate upper and lower flowers of MSG relate to the
time interval (U:L) that separates pollen shedding between
upper and lower flowers in anthesis?

2) 1If the answer to question 1 is positive, what tassel maturity
(or maturities) have a time interval (U:L) most closely
correlated to the time interval (U:L) of anthesis?

3) Are the time intervals (U:L) of four tassel maturities of
MSG interrelated?

The time interval (U:L) of each of the four tassel maturities
(columns 3, 4, 5 and 6) and the average time interval (U:L) of the
four tassel maturities of MSG (column 7) for 25 genotypes are given
in Table 4.40., The time interval (U:L) in anthesis of each correspond-
ing genotype is listed in column 8 of the same table. The correlation
coefficlents of the time interval (U:L} in anthesis versus the time
interval (U:L) of each of the four tassel maturities (columns 2, 3,

4 and 5) and the average time interval (U:L) of MSG (colqmn 6)

are given in Table 4.41.



Table 4.40. Comparison of the time intervals (U:L) that separate upper and lower flowers during
microsporogenesis (MSG) snd anthesis

97t

1 2 3 4 5 6 7 8
Genotype Genotypes Microsporogenesis (in cumulative frequency)a Anthesis
groups (GRP) 42 ML M2 M3 M4 Average (days)

1. A3G 4.46 15.65 15.84 3.22 9.79 1.54

3. F1B1(B2xFe-2) 11.35 17.51 21.23 4.59 13.67 1.74

4. I159 8.10 23.81 12.30 4.51 12.18 2.12

5. 1224(A1) 16.78 22.72 21.99 9.45 17.74 1.90

6. Ind461l 10.85 17.07 17.73 6.61 13.07 1.59

Inbreds 7. LE23 5.87 15.75 18.90 4.39 11.23 1.82
8. 0s420 8.05 15.75 16.13 6.08 11.50 1.73

9. Tr-9 7.35 13.15 12.19 4.37 9.27 1.68

10. Ind456 5.15 17.59 17.23 6.70 11.67 2.00

1L. TI1112-E 15.41 17.68 15.57 6.83 13.87 2.01

12, CI187-2 10.25 20.76 23.65 7.37 15.51 2.56

13. CI540 7.36 12.36 9.34 4.51 8.39 1.71

26. 8'4913 5.83 17.64 20.37 4.36 12.05 1.96

29, 8'4906 10.56 24,69 15.68 9.79 15.18 3.11

30. 8'4903 8.90 15.03 16.05 4.44 11.11 1.81

14. 3'1624 7.09 18.14 25.02 7.25 14.38 2.61

Tetraploids 15. 3'1367 9.43 18.71 20.72 7.22 14.02 2.57
16. 3'1622 7.02 21.81 28.91 5.04 15.69 2,25

M = maturity 1; M2 = maturity 2; M3 = maturity 3; M4 = maturity 4; Average = maturities
(1+2+3+4) /4,



Table 4.40. (continued)

1 2 3 4 5 6 7 8
Genotype Genotypes Microsporogenesis (in cumulative frequency)a Anthesis
groups (GRP) 4)) M1 M2 M3 M4 Average (days)

17. Ac406 3.85 16.24 17.40 7.36 11.21 2.64
Mexican 18. Ac4l5 12,76 17.96 18.82 4.30 13.46 2.20
varieties 19. Ac420 11.24 19.95 16.91 11.79 14.97 2,53
20, Ac421 8.21 20.98 11.49 5.76 11.61 2,18
23. 8'4913/4907 6.27 21.23 19.57 4.75 12.96 1.91
Hybrids 25. 8'4902/4913 3.91 17.55 16.28 3.69 10.36 2.06
27. Country Gentleman 6.01 14.75 13.14 5.46 9.84 1.41
LSD(.OS)b 2.86 0.38
b

LSD(.05) = least significant difference at 5% level.

Lee
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Table 4.41. Correlation coefficient (r) of the time interval (U:L)
between anthesis (in days) and microsporogenesis (MSG)
(in cumulative frequency)

1 2 3 4 5 6 7 8

. Anthesis vs. d.f. r(.OS)
Genotypes/MSG ML M2 M3 M4 Average (n-2) .01
Inbreds 0.22  0.74%k 0.18 0.66%* 0.55%% 13 21‘1*
Inbreds and 0.12 0.59%% .033 O0.61l%%k 0.55%% 23 ggg

other genotypes

1 = maturity 1; M2 = maturity 2; M3 = maturity 3; M4 =
maturity 4; Average = maturities (1+2+3+4)/4.

ek
P<0010
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With reference to the first question, a highly positive correla-
tion in the time interval (U:L) that separates the two florets of
the same spikelet between anthesis and the average of the four tassel
maturities in MSG is found both among 15 inbreds (r = 0.55) and
all 25 genotypes (r = 0.55) (Table 4.41, column 6). This implies
that the relative length of the time interval (U:L) continues from
MSG into anthesis.

There is a highly positive correlation in the time interval
(U:L) between anthesis and two of the tassel maturities: maturity
2 (r = 0,74 in inbreds, r = 0.59 in all genotypes) and maturity 4
(r = 0.66 among inbreds, r = 0.61 among all genotypes) (Table 4.41,
columns 3 and 5). This correlation in the time interval (U:L),
however, is not found between anthesis and other tassel maturities
of MSG such as maturity 1 and maturity 3.

With reference to the second question, the time intervals
(U:1L) that separate upper and lower flowers of a spikelet both in
maturity 2 and maturity 4 are highly correlated with the time
interval (U:L) of anthesis both among 15 inbreds and all 25 genotypes
investigated.

Why does a correlation exist in the time interval (U:L) between
anthesis and certain tassel maturities but is not found in other
maturities? The differential development of microspores between
upper and lower flowers of certain tassel maturities of MSG will be
briefly reviewed. During tassel maturity 1, most upper flowers

are in some stage of meiosis (average CF = 11.88), whereas most lower
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flowers of the same spikelets have not initiated meiosis (average

CF = 2.79) (Table 4.13). As a consequence, the time interval (U:L)
in maturity 1 is short (CF = 9.09) and a true relationship between
upper and lower flowers cannot be determined. This is because the
real microspore developmental difference between upper and lower
flowers has not appeared due to the lack of initiation of meiosis

of the lower flowers. In tassel maturity 2, most lower flowers are
in some stage of meiosis (average CF = 12.42) and most upper flowers
are in some stage beyond the tetrad stage (average CF = 30.88) (Table
4.13). In contrast to maturity 1, both flowers of a spikelet in
maturity 2 are undergoing meiosis or pollen maturation and as a
consequence this time interval (U:L) may be considered representative
for a young tassel because the real developmental difference can
therefore be expressed. This results in a highly positive correla-
tion between the time interval (U:L) of anthesis and the time
interval (U:L) of microspore development of the two florets of a
spikelet in tassel maturity 2. This may also explain the lack of
correlation between the time interval (U:L) that separates pollen
shedding and the time. interval (U:L) that separates microspore develop-
ment of the two florets of a splkelet in tassel maturity 1.

The highly positive correlation in the time interval (U:L)
between anthesis and maturity 4 is expected since anthesis follows
closely after tassel maturity 4. Why is there no correlation in
the time interval (U:L) between anthesis and maturity 3? Does the

correlation in the time interval (U:L) exist between tassel maturity 3



231

and the other maturities of MSG? The correlation in the time intervals
(U:L) that involves all 6 possible combinations [402-6)] of tassel
maturities are given in Table 4.42. A positive correlation in the
time interval (U:L) is found in those combinations among maturities
1, 2 and 4 for all genotypes. In inbreds, this correlation is found
in the combination of maturity 1 versus maturity 4 (r = 0.62) and
maturity 2 versus maturity 4 (r = 0.63). These results indicate
that the time interval (U:L) of maturity 3 did not relate to the
time interval (U:L) of any tassel maturity in MSG.

In review of the increment of microspore development (IDM),
it is found that the IDM's (in cumulative frequency) in maturities
1, 2, 3 and 4 of the upper flower are 11.88, 19,00, 27.58 and 28.86,
respectively (Table 4.14). The IDM's in the corresponding tassel
maturities of the lower flower are 2.79, 9.63, 28.15 and 39.61. A
drastic increase in the IDM during maturity 3 of the lower flower
may regult in more variation in the time interval (U:L) of maturity 3.
Therefore, the lack of a correlation in the time interval (U:L)
between maturity 3 and anthesis or between maturity 3 and other
maturities of MSG may be attributable to the lesser stability in
the time interval (U:L) of maturity 3.

It can be concluded that the time interval (U:L) that separates
pollen shedding during anthesis between two florets is parallel to
the time interval (U:L) that separates the development of microspores

between two florets during MSG.



Table 4.42. Correlation coefficient (r) of the time interval (U:L) (in cumulative frequency)

between two tassel maturities during microsporogenesis (MSG)

M1 Ml ML M2 M2 M3
a vs vs vs vs vs vs 05
Genotypes/Maturities M2 M3 M4 M3 M4 M4 d.f. r('01)
Inbreds 0.46  0.34  0.62%% 0.36  0.63** 0.30 15 ‘o
Inbreds and 0.38%  0.15  0.48%% 0.36  0.45% 0.16 26 o
other genotypes *
21 = maturity 1; M2 = maturity 2; = maturity 3; M4 = maturity 4,

*
P<.05,

%k
P<.01.

(4%4
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5. DISCUSSION

Although the onset and final maturation of microsporocytes
leading to pollen grains, beginning with early meiosis and proceeding
through the shedding of pollen graimns, is a continuous process,
several of these activities can be divided into arbitrary steps.
The relative duration of each of the 28 arbitrarily designated stages,
however, is different. Some stages require a longer period, while
others require only rather short periods (Table 4.3, column 4).
What then are the responsible features that influence the duration
of each of the stages? Darlington (1957) and Stern and Hotta (1969)
attribute the longer meiotic prophase duration to the initiation of
several physiological activities. During prophase I, extensive
growth of the pollen mother cells (Darlington, 1957; Moss and Heslop-
Harrison, 1967) takes place, and this is associated with chromosome
pairing and crossing over. The extended length of meiotic prophase
is probably due in large part to these activities (Wolfe, 1972).

Moss and Heslop-Harrison (1967) suggest that in maize the main
DNA synthesis occurred during pre-meiotic period. 1In the Liliacae,
two distinct periods of DNA synthesisloccur at early- to mid-zygotene,
when chromosome pairing occurs and at late zygotene and pachytene,
when recombination is assumed to occur (Y. Hotta, M. Ito, and H.
Stern, 1966; Y. Hotta and H. Stern, 1971). Because the early-zygotene
replication occurs when chromosome pairing begins and because chromosome
pairing and synaptonemal complex formation are prevented by inhibitors

of early zygotene DNA synthesis. Ito, Hotta and Stern (1967) conclude
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that the early zygotene DNA synthesis is essential for, and involved
in, chromosome pairing. Flavell and Walker (1973) indicated that
extensive synthesis of DNA occurred in pachytene-diplotene in wheat
and rye. These reports imply that the active DNA synthesis may occur
during pre-meiosis, or early- or mid-prophase, depending upon the

individual species.

According to Bennett (1973a), the minimum mitotic cycle time and
meiotic ecycle time both have a positive linear relationship with nuclear
DNA content in the same ploidy-level species. Transient peaks in

concentrations of presumed nucleic acid precursors in Lilium longiflorum

and Trillium erectum, particularly deoxyribosides, appear to precede

the synthesis of DNA occurring during the premeiotic interphase of
P.M.C.'s and the late microspore interphase, This occurs again at
the time of DNA synthesis in maturing pollen before the formation of
male gametes (Vasil, 1967). Three peaks, referring to the total
amount of DNA per pollen sac for the sporogenous tissues and spores
of maize, appear at leptotene-zygotene, vacuolated microspores and
pollen mitosis (Mpss and Heslop~Harrison, 1967).

In this study, the combining of the leptotene and zygotene
periods leads to a duration occupying 62.22% of the meiotic period
(Table 4.5, column 5) or 12.338% of the MSG period (Table 4.3). The
vacuolate microspore stage occupies 25.187 of the MSG period (Table
4.4, column 5), while the pollen mitosis stage comprises at least
14.278% (mic. 5.8 and mic, 6.0) of this period (Table 4.3, column 4).

The long duration of these three stages measured in this study
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correspond to the three peaks of DNA synthesis reported by Moss and
Heslop~Harrison (1967) occur during MSG in maize. These results agree
with Bennett's (1973a) assertion that "a positive linear relationship
between nuclear DNA content and meilotic duration exists for species

at each ploidy level" and may also apply to the individual stages,
both in meiosis and pollen maturation.

Moss and Heslop-Harrison (1967) reported that the main period of
RNA synthesis in maize is in early prophase, with no detectable
synthesis during the meiotic divisions or through the tetrad period.
In a way similar to the pattern of RNA synthesis, protein accumulates
through the early prophase, and there is no synthesis during the
meiotic mitoses or in the tetrad period. Active accumulation of
protein does occur in the developing spores.

Results of the current study show that the combined stages of
leptotene and zygotene (early prophase) occupy 12.338% of the MSG
period. The relative duration of the 8 stages from metaphase I through
telophase II (meiotic mitoses) is 3.,084% of the MSG period (Table 4.3,
column 4). The tetrad stage occupies 6.022% of the MSG period. The
stages of pollen maturation that follow meiosis are usually much
longer (Table 4.3, column 4). From the prevailing evidence, it appears
that there is a positive relationship between the duration of the
stages in meiosis or pollen maturation and the synthesis of RNA and
protein, as well as to the DNA content. Further, from this study of
relative stage-duration and a cytochemical study of DNA, RNA, and

protein in the developing maize anther (Moss and Heslop-Harrison, 1967),
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a clue emerges to the interpretation of the longer relative stage
duration as an indicator of some actively metabolic events taking place
during that stage.

The relative proportion of meiosis time taken by the individual
stages shows some interspecific variation in five cereal genotypes,

such as the diploid and tetraploid Secale cereale, hexaploid Triticum,

hexaploid triticale and octoploid triticale (Bemnett and Kaltsikes,
1973). Among thesé investigated species, the zygotene stage was
estimated to range from between 14 to 24%Z, while the pachytene stage
was from between 9 to 24% of the total meiotic time. Although - as
reported by Bennett and his co-workers (see Table 2.5) - some variation
in stage duration exists among different species, leptotene is
invariably the longest single stage and is closely followed by
zygotene and pachytene in duration (Bennett, 1973a). The stages

after pachytene are all brief with the shortest stages invariably
kinesis, anaphase I and II,  telophase T and IT1. Among four species
(barley, rye, wheat and triticale) (Table 2.5), the duration of
diakinesis is about one-half to one-~quarter that of the diplotene
stage. In maize, however, Maguire (1970) estimates the duration of
diakinesis to be about 5 times as long as that of the diplotene stage
(in relative frequency), based on examination of one genotype (Table
2.4), 1In this study - on the basis of relative frequency =~ diakinesis
was found to be slightly longer than diplotene and approximately twice
as long as metaphase I or II based on 30 genotypes (Table 4.5). The
shortest meiotic stages found in this investigation include prophase

II, interphase, anaphase I and II, telophase I and II (Table 4.5).
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With the excpetion of the length of diakinesis, the relative durations
of the melotic stages of maize investigated in this study (Table 4.5)
agree in similarity with the pattern estimated by Maguire (1970)
(Table 2.4) and by Bennett and his co-workers (Table 2.5) for other
species,

With respect to the duration time of the individual phases of
pollen maturation, only those of a few species have been reported.

Taylor (1950) reported that in Tradescantia paludosa the period from

tetrad to microspore mitosis involves 5-7 days with the pollen maturing
within 3 or 4 days after the microspore mitosis. This study agrees
with the Beatty and Beatty (1953) report on the same species that

there 1s a duration of 5 days between the period from the end of

the tetrad stage to the microspore division. In the current study,

it was found that relative duration from the end of meioéis to micro-
spore mitosis (mic. 4.0) is 51.797% of the MSG period; from microspore
mitosis to the beginning of pollen mitosis (mic. 5.8) is 25.347% of

the MSG period; and from pollen mitosis to anther dehiscence (mic. 6.5)
is 13.40% of this period. The ratio of these three constituent periods
of pollen maturation is approximately 4:2:1. The duration of pollen
maturation in five cereal genotypes ranges from 7.5 days in T.

aestivum to 16 days in S. cereale (Table 2.6, column 7) (Bemmett and
Smith, 1972), with the ratio of the three constituent stages among
these 5 cereal genotypes about 1:1:1 or 1.3:1:1 (Table 2.6, columns

4, 5 and 6). The ratio of the three constituent stages of pollen

maturation in this study is closer to that estimated by Taylor (1950)
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in T. paludosa, although quite different from that estimated by
Bennett and Smith (1972). As in the periods of meiosis mentioned
above, it is possible that the relative proportion of pollen
maturation taken by individual stages also shows some interspecific
variation in higher plants.

Variation exists among different species in the time proportion
occupied by meiosis of the whole period of microsporogenesis (meiosis
and pollen maturation). In octoploid triticale, meiosis occupies
9.24% of the total MSG period (a duration of 22 hours in meiosis and
9.0 days in pollen maturation) (Bennett and Smith, 1972). In T.
monococcum, meiosis occupies 12.73% of MSG period (a duration of 42
hours in meiosis and 12.0 days in pollen maturation). When anthers
of T. paludosa were excised and cultured in media at 25°C or 30°C,
the duration of meiosis was 4 days or more, while the entire process
from the initiation of leptotene to mature pollen took from 14 to
17 days (Taylor, 1950). According to Taylor's (1950) data, meiosis
occuples 28.57% to 23.57% of the whole MSG period. In this study,
however, melosis was found to take up 18.828% of the MSG period
(Table 4.3, column 5). This discrepancy may have been caused by
the methéd of sampling, in addition to the interspecific variatiom.
For this project, in order to be certain of obtaining meiosis in a
tassel, more frequent sampling was practiced with maturity 1 tassels,
due to the relatively short duration of meiosis (see Section 3.7). As
a consequence, the value of 18,8287 for meiosis is probably slightly

overestimated.,
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The method which utilizes relative duration was first developed
by Laughlin (1919), who demonstrated the mathematical and biological
soundness of a statistical and cytological method of measuring both
the relative and absolute duration of the several arbitrarily delimited
progress-stages in cell-division. The general applicability of this
method depends upon the representative nature of the sample used.
Compared to other methods, such as attached anther or anther culture
methods (Section 4.1.2), the relative duration method is rather simple,
reasonably accurate and applicable for the handling of large popula-
tions. With the anther culture method, Bennett and Kaltsikes (1973)
indicated that estimates of the duration of individual meiotic stages
are subject to much greater error than are estimates for the duration
of groups of stages. This method is unsuitable for timing develop-
ment during periods in excess of 24 hours. The attached spikelet
method is suitable for timing anther development over longer periods
(Bennett and Kaltsikes, 1973). However, this procedure leads to
unavoidable damage to the leaves in which the spike is enclosed.

The relative duration method is entirely free of these disadvantages
and is subject to much less external environmental interference.

Once the absolute duration of the whole period of melosis or micro-
sporogenesis (MSG, from leptotene to anther dehiscence) has been
determined, the absolute duration of each stage of melosis or MSG can
be easily recovered.

The duration of MSG among 30 genotypes is about 3 to 4 weeks.
Assuming it takes 25 days to complete MSG, the absolute duration of

each of the 28 stages can be determined from the relative duration of
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that stage. Both the relative and absolute durations of each of the
28 stages of MSG in this study are given in Table 5.1. It takes 43,
31 and 12.2 hours to complete leptotene, zygotene, and pachytene,
respectively, while it only takes 0.4 hours to complete prophase II.
Meiosis is completed in approximately 5 days (119.1 hours) and pollen
maturation is completed in 20 days (480.9 hours) (Table 5.1, columns
3 and 6). Therefore, the duration of leptotene in maize (43 hours)
is longer than the total duration of meiosis in diploid barley (39.4
hours) or hexaploid wheat (24 hours) (Table 2.5, Finch and Bennett,
1972).

Although the distribution of the observed frequencies is different
between upper and lower flowers of the same spikelets in certain
stages of meiosis and pollen maturation as is evident from the Chi-
square test, the constant gradient of the progess of meilosis is
noticed in both upper and lower flowers at all meiotic stages except
leptotene (Tahle 4.1, column 4). This suggests that the speed of
microspore development (or meiosis) of the meiocytes in both upper
and lower flowers is essentially constant after leptotene.

The use of the cumulative frequency value is an important indica-
tor of stage of development because it identifies the actual stage
of microspore development. Further, it is very useful in a quantita-
tive study of the rate of microspore development and, in additiom,
has useful application. One possible application of the cumulative
frequencies of each of the 28 steps or stages of MSG of this study is

in the prediction of the flowering date in a breeding program. When



Table 5.1. The absolute duration (in hours) of each of the 28 stages when a whole period of
microsporogenesis (MSG) is 25 days (600 hrs)

Stages Relative Absolute Stages in Relative Absolute
in duration duration pollen duration duration
meiosis (%) (hours) maturation 2 (hours)
1. Leptotene 7.168 43.0 14. Tetrad 6.022 36.1
2. Zygotene 5.170 31.0 15. Microspore 0.5 0.617 3.7
3. Pachytene 2.027 12,2 16. Microspore 1.0 8.931 53.6
4. Diplotene 1.175 7.1 17. Microspore 1.5 0.705 4.2
5. Diakinesis 1.204 7.2 18. Microspore 2.0 5.640 33.8
6. Metaphase I 0.734 4.4 19. Microspore 2.5 1.293 7.8
7. Anaphase I 0.264 1.6 20. Microspore 3.0 11.957 71.7
8. Telophase I 0.264 1.6 21. Microspore 3.5 6.287 37.7
9. Interphase 0.294 1.8 22, Microspore 4.0 10.341 62.0
10. Prophase II 0.059 0.4 23. Microspore 4.5 3.114 18.7
11. Metaphase II 0.646 3.9 24. Microspore 5.0 3.437 20.6
12. Anaphase IT 0.353 2.1 25. Microspore 5.5 4,407 26.4
13. Telophase II 0.470 2.8 26. Microspore 5.8 4.025 24,2
27. Microspore 6.0 10.253 61.5
28. Microspore 6.5 3.143 18.9

e

Total 19.828 119.1 Total 80.172 480.9
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a developing tassel of a genotype is collected from the field and the
stage of the microsporocytes at spikelet position 2 (where the most
advanced stage is located in a tassel) is determined, the first
flowering date can be readily predicted if the approximate duration
of microsporogenesis (MSG) of this genotype is known. For example,
if the duration of MSG of a given genotype is approximately 25 days,
and the microsporocyte sample collected from the field is at the
tetrad stage, then this stage (tetrad) can be mapped (or located)
approximately 5 days (25 days x 19.8% = 4,96 days) after the initia-
tion of meiosis from the cumulative frequency of this stage (19.828,
Table 4.3, column 5). About 20 days (25-5) later, pollination should
occur.

The cumulative frequency method is much more reliable than is
the use of the leaf number in the prediction of the stage of tassel:
maturity. From the studies reported herein, however, it was not
possible to confirm a strict correlation between leaf number and the
stage of maturity as reported by Mock and Frey (1970). This was not
unanticipated, since microsporocyte development can be independent
of leaf development. For example, microsporocyte development can
advance rapidly in a favorable climatic change with no perceptible
change occurring among the leaves (Dhammaphonphilas, 1971).

Bonnett (1940) had previously indicated that the number of
leaves externally visible was not a reliable indication of the stage
of internal differentiation.

For a physiological study of the effects of fertilizers, growth-

regulating chemicals, and other treatments on the definite stages of
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meiosis or pollen maturation, the cumulative frequencies of these 28
stages estimated among a wide collection of maize genotypes may
provide an approximate time schedule for the application of these
treatments. From the complete set of cumulative frequencies of the
28 stages in MSG, it is possible to theoretically predict the
approximate date of any of its anticipated individual stages. This
prediction is made from the observed stages in the microsporocytes
of a developing tassel and depends on the approximate duration of
the MSG of a given genotype.

Cytomictic channels have been interpreted by Heslop-Harrison
(1966a) as an important feature for the rapid transport of materials
between meiocytes and in the determination of meilotic synchrony within
the locule. The synchrony is a consequence of the sharing of a common
cytoplasmic matrix (Heslop-Harrison, 1968a). These channels are
initiated in the pre-leptotene period and persist throughout the
meiotic prophase. They disappear before meiosis II, after which
the spores become totally isolated within the callose tetrad wall
(Heslop-Harrison, 1966a). Therefore, meiocyte behavior tends to be
synchronous among neighboring meicytes during prophase, yet the
second division may be asynchronous in the two halves of the dyad
(Heslop-Harrison, 1966b).

Horner and Lersten (1971) studied microsporogenesis in Citrus limon

and observed that each SMC (spore mother cell) is isolated before

leptotene by a thick callose sheath. No cytomictic channels are present
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during meiosis. While there may be a slight difference in stage of
development from the distal to the proximal ends of one locule, meiosis
and subsequent stages can be said to be almost synchronous in Citrus.
This, therefore, challenges the view (Heslop-Harrison, 1966a) that
cytoplasmic interconnections among meiocytes are of great importance,
and of universal occurrence. In Lilium, the meiocyte is isolated within
the callose wall by the end of pachytene, a mid-stage in prophase
(Heslop-Harrison, 1966b). However, both meiosis of the microsporo-
cytes and mitosis of the microspores are synchrous in Lilium
longiflorum (Erickson, 1964).

In reviewing these two contrasting reports from Heslop-Harrison
(1966a, 1966b, 1968a) and Horner and Lersten (1971), an argument arises
as to whether the cytomictic channels are the sole important factor
in determining meiotic synchrony within the locule. There are two
alternatives to consider. First, the cytomictic channels are important
in the determination of the meiotic synchrony within the locule.
Cytomictic channels are initiated in the pre-leptotene stage (Heslop-
Harrison, 1966a). As soon as the cytoplasmic interconnections take
place during the pre-leptotene stage, each sporogenous cell within a
locule receives the signal to initiate the onset of leptotene., If
the leptotene stage of each meiocyte of a locule starts simultaneously,
the rate of microspore development among meiocytes theoretically
should be equal providing there 1s no effect from external factors.
Thus, the formation of the callose wall afterwards will probably not

affect synchronous development of melocytes within a locule
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irrespective of the meiotic stage. Alternatively, there is the
possibility that factors other than cytomictic channels may be
involved in the determination of synchrony.

The relative duration of each stage of MSG in this study
represents one of the possible factors involved in the determination
of synchrony in the development of microspores. In this study,
synchrony (in a narrow sense) of the melotic stage within an anther
is limited to the leptotene and zygotene stages and sometimes to the
pachytene stage. Less synchrony is found in late prophase, diplotene
and diakinesis and very little appears in meiosis I and II. However,
synchrony is usually observed at the tetrad stage and many of its
subsequent stages during pollen maturation. The level of synchrony
at a given stage seems closely related to the duration of that stage
of MSG. From a quantitative viewpoint, with respect to the gradient
of stage progression, this is not surprising as illustrated below.

Leptotene is invariably the longest meiotic stage (Rennett,

1973a).
It takes 43 hours to complete development of leptotene in maize
(Table 5.1). 1In a large anther such as maize, slight timing differ-
ences between the base and apex and the existence of smooth gradients
are possible (Neumann, 1963). For example, some meiocytes within an
anther may have already commenced leptotene development for 40 hours,
while some others may be in the beginning of leptotene for 5

hours. In both instances, the stages were scored as leptotene and are



246

considered as synchronous (in a narrow sense). Then assume that once
the synchrony appears in the leptotene or pre-leptotene stage, the
rate of development of microspores among meiocytes is uniform. As
time passes, synchrony is still apparent in zygotené also because of
its long stage of duration (31 hours, Table 5.1). This synchrony

is gradually lost after zygotene. During meiosis I and II, stage
durations are short, with most stages lasting from 2 to 7 hours (Table
5.1). The probability of all melocytes within an anther falling

into any of the meiotilc stages in meiosis I and II with the timing
differences within 2 to 7 hours is very low. It is, perhaps, quite
impossible for all the melocytes within a locule to be synchronous

at prophase II since it only lasts 24 minutes (Table 5.1). This may
support the observation that asynchrony is most often found in melosis
11, as observed by Neumann (1963) in maize. Therefore, with reference
to the relative duration of each meiotic stage in maize, there is
little likelihood that the first and second melotic stages will be
synchronous within an anther.

In spite of the asynchrony in the meiosis I and II stages,
synchrony 1s usually found in the tetrad stage and many of its
subsequent stages. This is not unanticipated because the stage
duration of tetrad (36.1 hours) or others is long enough to cover
the time differences of the microsporocytes between the base and apex
of an anther. A high degree of synchrony of microspore and pollen

mitosis is also found in Trillium erectum, Lilium longiflorum

(Erickson, 1964) and Triticum, Hordeum vulgare, Secale cereale

(Bennett, 1972).
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Though the staminate spikelet of maize is structurally two-
flowered (Weatherwax, 1916) and identical in structure, the two floret
primordia are different in size, with the upper flower larger than
the lower. The stamens of the upper flower differentiate first, and
their development proceeds ahead of the corresponding parts of the
lower flower (Bonnett, 1940, 1953, 1966). It might be asked whether
the time interval (U:L) separating upper (U) and lower (L) flower
of the same spikelets is different in microspore development. There
is wide variation in the time intervals (U:L) between upper and lower
flowers, as compared to the variation in microspore development between
upper and lower flowers. This is evident from the very high coefficient
of variation (c.v.) of the time interval (U:L) among main plot
(Table 4.9), sub-plot (Table 4.13), and sub-sub-plot (Table 4.16). Such
variation 1s reflected in the correlation coefficienct (r) between
upper and lower flowers in microspore development. The higher the
variation in the time interval (U:L) that separates upper (U) and
lower (L) flowers in microspore development, the lower the intensity
of association between them.

Several factors, such as genotypes, tassel maturities, and spikelet
position, are considered as determining factors in the fluctuation of
the variation of this time interval (U:L). For example, the variation
in the time interval (U:L) is smaller in inbreds (r = 0.73) and hybrids
(r = 0.73) but higher in Mexican (r = 0.57) and Colombian vgrieties
(r = 0.54) (Table 4.10). The higher variation in the time interval (U:L)

among Mexican or Colombian varieties may reflect their low adaptability
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under mid-west corn belt environmental conditions including day-length
and temperature. The variation in the time interval (U:L) 1s higher
in tassel maturity 1 (r = 0.44), although lower in tassel maturity 4
(r = 0.82) (Table 4.15). The initiation of meiosis in the lower
flower 1s late, within a wide range time delay, resulting in a higher
variation in the time interval (U:L) during tassel maturity 1. At
tassel maturity 4, microspore development of the lower flowers is
closer to that of the upper flowers of the same spikelets (Table 4.13),
while the variation in the time interval (U:L) between the two florets
decreases.

Similarly, the variation in the time interval (U:L) is longer in
spikelet position 4(r = 0.62) but smaller in spikelet positions 1
(r = 0.70) and 2 (r = 0.72) (Table 4.17). The correlation coefficient
(r) in microspore development between the upper and lower flowers
is less in position 4 because both the upper (U) and lower (L)
flowers are delayed, compared to other positions in the onset of
meiosis during maturities 1 and 2, and their true relationship
(i.e., with most lower flowers having already initiated meiosis) does
not emerge until maturities 3 and 4 (Table 4.23). As a consequence, the
variation in time interval (U:L) separating upper (U) and lower (L)
flowers of the same spikelets:is higher in position 4 than in other
positions.

Interestingly, the time interval (U:L) that separates upper and
lower flowers in microspore development is shorter in tassel maturity

1 (CF = 9,09), longer in tassel maturities 2 (CF = 18.46) and
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3 (CF = 17.89) and shortest in tassel maturity 4 (CF = 7.14) kTable
4.13). These time intervals (U:L) are 2.5 days (28 x 9.09%), 5.2
days (28 x 18.46%), 5.0 days (28 x 17.89%) and 2.0 days (28 x 7.14%)
at maturities 1, 2, 3 and 4, respectively, for a given genotype
with a duration of MSG of 28 days. The time interval (U:L) is short
in tassel maturity 1 because the true relationship between upper and
lower flowers in microspore development has not yet been exhibited,
due to the incompleteness of the initiation of meiosis in lower
flowers of the same spikelets. This true relationship does not
emerge until tassel maturity 2; after maturity 2, the increment of
the development of microspores (IDM) is higher in lower flowers than
is that of upper flowers on the same spikelets (Table 4.14). This
results in a reduced time interval (U:L) at tassel maturity 3. Up
to tassel maturity 4, the development of microspores in the lower
flowers is closer to that of the upper flowers of the same spikelets
(Table 4.13, columns 2 and 3). As a consequence, the time interval
(U:L) of a mature tassel (maturity 4) is of the shortest duration
(Table 4.13, column 4).

The developmental stage of the upper flower of each of the 30
genotypes can be predicted from the observed stage of the lower flower
of the same spikelets by the use of the regression equation of each
genotype (Tables 4.8, columns 6 and 7). The inbred Hy and Colombian
variety Ac436 have served as examples in this prediction (Section
4,2.3), Thus, when the lower flower of inbred Hy is in the leptotene

stage, the predicted stage of the upper flower of the same spikelet
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will be tetrad. With a confidence of 95%, the predicted stage will
fall in an interval between zygotene and the mic. 2.5 (vacuolate
microspore) stage. The confidence interval of the prediction is
dependent upon each genotype. The time interval separating the
tetrad stage and leptotene is 18.682% (CF = 25.850-7.168, Table 4.3)
of the whole MSG period or 4.7 days (25 x 18.682%) for a.genotype
whose MSG period is 25 days. This time interval (CF = 18.682) is
very close to the time interval (U:L) of tassel maturity 2 (CF =
18.46, Table 4.13) and approximates the entire duration of meiosis
(CF = 19.828, Table 4.3).

The examples of stage prediction in inbred Hy and the short time
interval (U:L) in the mature tassel (maturity 4) agree with the early
statement made by Weatherwax (1916) that "during microspore develop-
ment the anthers of upper flower are often found with the tetrad
stage or with the pollen grains are rounded off, while those of lower
ng or avnantic stages, but the pollen grains of the
younger flower are usually rounded off and apparently mature before
the old flower puts out its stamens",

Following the initiation of melosis in the upper flowers, the
time before the lower flowers of the same spikelet indicate the onset
of meiosis must be considered. For the purpose of this study, regres-
sion of the stage of the upper flower (Y) on the observed stage of
the lower flower (X) is written as Y = at+bX, where, a is the Y
intercept when X= 0 and b is the slope of the regression line (Section

4.2.3). When the anthers of the upper flowers are in the onset of
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meiosis, i.e., when Y = 0, the delay of the initiation of meiosis in
the lower flowers could be written as X = a/b. Based on 120 a and b
values (30 genotypes x 1 maturity x 4 positions) estimated from 4
positions of 98 maturity 1 tassels among 30 genotypes (Table 3.1,
column 3), this value has been estimated as X = 14,94 in cumulative
frequency (CF). For a genotype with a 25-day MSG (microsporogenesis)
duration, there is a 3.7-day [25 days x (-14.947%)] delay in the onmset
of meiosis of the lower flower, when compared to that of upper flower.
Therefore, it is expected that the onset of meiosis of the upper
flower starts approximately 3 to 4 days earlier than in the lower
flower of the same spikelet for those genotypes with a duration of

21 to 28 days of MSG.

The average rate of microspore development is lowest in Colombian
varieties in both the upper (CF = 41.70) and lower (CF = 20.45)
flowers (Table 4.9)., It is possible that this very low rate of
microspore development im Colomblan varieties ig a result of
sampling too many young tassels as opposed to few old tassels. An
average of 3.27, 3.87, 4.87, and 3.97 tassels were sampled from 30
genotypes at maturities 1, 2, 3 and 4, respectively (Table 3.1). The
number of tassels sampled from Colombian varieties at maturities
1, 2, 3 and 4 averaged 2.0, 2.5, 7.5 and 3.0, respectively. Relatively
more tassels were sampled from maturities 3 and 4 than from
maturities 1 and 2 in Colombian varieties, compared to those of the
30 genotypes (Table 3.1, ‘'Average'). Therefore, it is doubtful
that the low rate of microspore development in Colombian varieties

is due to the sampling.
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Envirommental factors such as temperature and photoperiod
play an important role in determining the rate of microspore develop-
ment. Bennett, Smith and Kemble (1972), Bennett (1973ai”and Wilson
(1959) reported that a negative relationship between temperature and
the duration of meiosis within certain temperature ranges. Leng
(1951) indicated that among 3 maize inbreds studied the mean length
of the period between tassel initiation to anthesis increased from
40.8 days in 1949 to 47.5 days during the cool July of 1950.

The effect of photoperiod on the rate of microspore development

has been illustrated by the author (Tables 2.2, 2.3, unpublished

data) in Saccharum spontaneum (Section 2.2.4). The date of flowering

is later in Mexican varieties than in hybrids, inbreds and tetra-
ploids, with the Mexican varieties usually flowering during mid or
late August. In Colombian varieties, considered tropical varieties,
meiosis was not initiated until late August when the day-length

was reduced to about 13 hours and 30 minutes and did not flower
until late September, as the day-length was reduced to about 12
hours (Table 9.11).

When a crop grows under unfavorable environmental conditionms,
it is subject to depression. The Colombian varieties are confronted
with a cooler period during the development of microspores. The
formation of photosynthetic products may be reduced if the temperature
or light intensity becomes a limiting factor to growth. This may
result in a carbohydrate deficlency and, therefore, the amount of

carbohydrate transported to the flowers is reduced, which in turn
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results in a retardation of the development rate of microspores.
This is perhaps a possible reason for the low rate of microspore
development in Colombian varieties, compared to other genotype
groups (Table 4.9). Retardation in the rate of microspore develop-
ment and reduction in the number of flowers reaching anthesis as

a result of carbohydrate deficiency was recognized in the tomato
by Howlett (1936). Moss and Stinson (1961) reported a two-day
delay in silking and tasseling when maize plants were grown under
shaded conditions.

Unlike the other genotype groups, there is a long time interval
(U:L) separating upper and lower flowers in Colombian varieties at
tassel maturities 1 (CF = 16.52) and 2 (CF = 22,52). The time
interval (U:L) is determined by the rate of microspore development
of the upper and lower flowers. The average increment in the develop-
ment of microspores (IDM) among 30 genotypes is much higher in lower
flowers (CF = 39.61) than in upper flowers (CF = 28.86) during
tassel maturity 4 (Table 4.3.3 (2)]. For Colombian varieties, however,
the IDM of the lower flower (CF = 14.88) is close to that of the
upper flower (CF = 13.51). It is apparent that a complete omission
of the initiation of meiosis during maturity 1, as well as the very
low increment of the development of microspores (IDM) of the lower
flower of the Colombian varieties during maturlty 4, is assoclated
with lower temperatures in September (Table 9.10) and reduced light
intensity that would lead to lesser energy resources for microspore

development. The data suggest that the lower flower is subjected
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to more suppression than is the upper flower in microspore develop-
ment under adverse growing conditions. As a consequence, the time
interval (U:L) in Colombian varieties remains long in maturities 1
and 4.

Bonnett (1966) reported that there is a critical time period
in several cereals when the maximum effect of growth factors occurs.
He found that the rudimentary spikelets are the last to be differen~
tiated in the inflorescences, and that these are the least likely
to produce seeds. The rudimentary spikelets are found at the tip
and base of wheat, rye, and barley spikes. As adverse growing
conditions are intensified, the order of floret deterioration is
reversed from that of initiation; thus, the last to succumb are
those which were first initiated. Since the lower flower initiates
meiosis later than the upper flower does, it is aunticipated that
the lower flower will be subjected to more severe suppression in
microspore development than is the upper flower under unfavoéable
growing conditions.

With reference to the position of attachment of the florets on
the rachilla, the upper flower would be considered terminal and the
lower one, branched (Weatherwax, 1917, 1955; Kiesselbach, 1949).
Whether there is any relationship in the distribution of the
vascular system between upper and lower flowers with respect to
transport of the photosynthetic products is unknown.

Leng (1951) studied the time-patterns in tassel development of

certain maize inbreds (WF9, 38-11, and L317) and compared the lengths
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of the period between planting and tassel initiation was 4.0 days
less in the hybrid than in either inbred parent, while the mean
number of days from tassel initiation to anthesis was 3.1 days less
in the hybrids. Differences in both phases were significant at

the 1% level. Leng (1951) concluded that a general acceleration of
development resulted from heterosis. He also pointed out that
inbred lines of corn exhibited definite time-patterns, the patterns
consist of the lengths of the periods between planting and tassel
initiation and between tassel initiation and anthesis, in tassel
development, and that these patterns are heritable. He suggested
that it would be possible to recover lines combining both the short
first and second developmental phases of their parental lines by
segregating advanced generation progenies of the combination of

the short first developmental phase line with the short second
developmental phase line.

The hybrid group has, in this study, the most rapid rate of
microspore development among the 5 genotype groups studied at both
the upper and lower flowers in tassel maturities 2, 3 and 4 (Table
4.19). Two of the three hybrids investigated, genotype Nos. 25 and
27, have periods from the onset of meiosis to anthesis of 22 and 21
days, respectively. These periods are shorter in the hybrids than
in most of the inbreds and Mexican varieties. This result supports
Leng's finding that a general acceleration of development results
from heterosis.

In this study of 30 genotypes, MSG period from the onset of
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melosis to anthesis is from 3 to 4 weeks. Variation in the length

of the MSG period is avallable for selection for the short reproduc-
tive phase. In the summer of 1976, Kitisri Sukhapinda (personal
communication), found that the length of the period between the onset
of meiosis to anthesis ranges from approximately 19 days to 28

days, with an average of 22.75 days, among 12 waxy diploid maize
stocks homoallelic and heteroallelic for certain waxy alleles (Yu
and Peterson, 1973). Both sets of data suggest that there is wide
variation in the length of the reproductive phase among genotypes.

The period from tassel initiation to meiosis initiation could
be estimated as approximately 2 to 3 weeks. This conclusion is
derived from the observation that the period from tassel initiation
to anthesis is about 6 weeks (44.2 days in 3 inbreds and 41.2 days
in 3 hybrids) as reported by Leng (1951) and that the MSG period
from meiosis initiation to anthesis is about 3 to 4 weeks, as found
in the current study.

Further results from this study indicate that the time interval
(U:L) separating upper and lower flowers is the shortest in the
hybrids among 5 genotype groups, both during microsporogenesis
(MSG) (CF = 11.82, Table 4.9) and anthesis (1.79 days, Table 4.27).
This suggests that a shortening of the time interval (U:L) is a
result of heterosis. The very long time interval (U:L) of the
Colombian varieties during MSG and the long time interval (U:L)
of the Mexican varieties during anthesis (2.39 days, Table 4.27)

is indicative that the time interval (U:L) may serve as an indirect



257

sign of the adaptability of a maize genotype. In tetraploids, however,
the long time interval (U:L), both in MSG (CF = 14.70, Table 4.9)

and anthesis (2.48 days, Table 4.27), is considered as characteristic
of polyploids. Wide variation in the time intervals (U:L) does

exist among genotypes, microsporogenesis (MSG) (Table 4,40, column

7) and in anthesis (Table 4.40, column 8) as well. Selection for a
short time interval (U:L), therefore, is possible.

Yang (1949) suggested that probably only two or three pairs
of genes were responsible for silking time in maize. Hallauer
(1965) studied the inheritance of flowering in maize and reported
that the additive variance was of major importance. He indicated
that three effective factors influenced the time of silking. There-
fore, breeding for early maturity in maize is much easier than
breeding for grain yield.

From the fact that the upper and lower flowers do not mature
at the same time, it can be seen that the second wave of pollen
shedding of the lower flower follows the first wave of pollen
shedding of the upper flower. As a consequence, the period of
anthesis is lengthened by approximately 2 days.

Among all the factors investigated in this study, tassel
maturity constitutes a major source for the variation of the variance
of microspore development, This is because it occupies a major
portion of the mean squares in all cases of analysis of variance
on the rate of microspore development in the upper and lower flower

and in their time interval (U:L). This is also true in a correlation
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study between upper and lower flowers in microspore development.
These results suggest that the response in the development of
microspores in the upper flower, the lower flower, and the time
interval (U:L) that separates the stage of upper flower and lower
flower has been drastically altered by different tassel maturities.
The second major source of variation comes from the spikelet
position, as is evident from the analysis of variance in microspore
development in the upper flower (Table 9.1) and the lower flower
(Table 9.2), implying that the effect of spikelet position is
essentially associated with the sequence of microspore development
within a tassel. For the time interval (U:L) separating microspore
development of the upper flower from the lower flower, genotype
group (GRP), spikelet positions (P), and the interaction effect
of tassel maturity by spikelet position (M x P) occupy a considerable
number of mean squares (Table 9.3). The result indicates that
thege effects as well as the effect of tassel maturity are important
in the determination of the time in;erval (U:L). This is also true
in the correlation study between the upper and lower flowers in
the development of microspores (Table 9.4). |
Generally, in a blological sense, three-factor interaction is
considered unimportant. In this study, however, most three-factor
interaction effects are significant in the combined analysis of
variance over five genotype groups on the rate of microspore
development in both the upper flower (Table 9.1), the 1§wer flower

(Table 9.2) and their time interval (U:L) (Table 9.3). The
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combination of the treatments in this study is 480 for VMP interaction
(30 genotypes x 4 maturities x 4 positions) and 80 for GMP interaction
effects (5 groups x 4 maturities x 4 positions). Because of the
numerous combinations, the significant effect in this three-factor
interaction is not unanticipated. Among each genotype group, the
significance of the three-factor interaction effect (VMP) is found
among inbreds (Table 9.5), but is rarely found in the other genotype
groups such as tetraploids (Table 9.6), Mexican varieties (Table
9.7), Colombian varieties (Table 9.8) and hybrids (Table 9.9).

In this study, 30 genotypes were planted at two different
dates separated by two weeks in two blocks. These two blocks
served as two replications in the data analysis. As a consequence,
the effect of planting dates is confounded with the effect of blocks.
The pooled effects due to blocks and planting dates, however, are
not significant in the combined analysis of variance over 5 geno-
type groups among upper flower (Table 9.1), lower flower (Table
9.2) and their time interval (U:L) (Table 9.3). The implication is
that the development of microspores is not significantly affected
by a two-week planting difference during the whole course of micro-
sporogenesis. Therefore, it would be reasonable to adopt the two
planting dates as two replications in the analysis of data.

Samples (tassels) from among two blocks were pooled and used
to estimate the 480 correlation and regression coefficients (VMP =
30 x 4 x 4) between upper and lower flowers in microspore develop-

ment (Section 3.9.1). When these 480 correlation coefficients (r)
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are used in the combined analysis of variance over 5 genotype

groups in a split-plot design, there is an omission of the true

and unbiased error terms for significant test due to lack of replica-
tion. Alternatively, the two-factor interaction term in the main
plot and the three-factor interaction term in the sub-plot can

serve as error terms to test the significance of the main-plot

and sub-plot factors. This is assuming that those interactions that
are used as the estimate of error were negligible; otherwise the error
term overestimates the error variance. It is possible that these
biased terms may not be sufficient to identify all effects in this
test. The variance of certain effects may be too small to be
detectable as significant, but would be normally significant were

a true error term used. Thus, without considering those inter-
action terms used as error terms, the group by position (GRP x P)
and the genotype by position within groups (V x P/GRP) interaction
effects are not detectable (Table 9.4). The above two interaction
effects are significant at a normal split-split-plot design with

2 replications in both the upper flower (Table 9.1), lower flower
(Table 9.2), and their time interval (U:L) (Table 9.3). Naturally,
these two approaches are not necessary for reaching the same
conclusion, since they measure the relationship between upper and
lower flowers in microspore development in a different way.
Nevertheless, the important major effects and certain of their

interaction effects are identifiable from the correlation approach.
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6. SUMMARY

The maize spikelet consists of upper and lower flowers. The
correlation relationship in the maturation of microspores of the
upper and lower flowers of the same spilkelet is described. 1In
this study, 3,543 spikelets were sampled from 479 maize tassels at
4 gpikelet positions, 4 tassel maturities and among 30 genotypes.

An arbitrarily-developed standard that includes 28 stages or
steps (13 meiotic stages and 15 stages of pollen maturation) in
microsporogenesis (MSG), was developed for a quantitative study of
the development of microspores in upper and lower flowers. The upper
flowers were chosen from the estimation of the relative duration
of each of the 28 stages in MSG. The use of the relative duration
as a quantitative assay for determining the development of microspores
has been considered as the basis for the comparison between upper
and lower flowers in this thesis.

Being a numerical value that identifies the level of advance
in the stage of the development of microspores, the cumulative
frequency (CF) serves as a valid tool in data analysis. It is very
useful in a quantitative study of the rate of microspore development
and in addition, has a useful application. One possible application
of the cumulative frequencies of each of the 28 steps or stages of
MSG of this study is in the ability to prediect the flowering date
in a breeding program.

During the MSG period, approximately one-fifth (19.83%) of

the time was spent in melosis and four-fifths (80.17%) in pollen
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maturation. The first three stages of prophase, leptotene, zygotene
and pachytene, occupy approximately 727 of the meiotic period. The
largest portion of the MSG period (25.18%) is spent in the vacuolate
microspore stage.

Based on the observation of the occurrence of synchrony at
various stages of MSG, it is proposed that the duration of the stage
may play a role in the determination of synchrony. Synchrony is
usually observed at the stage with a relative longer duration. The
terms "synchrony in a broad sense" and "synchrony in a narrow sense"
are suggested in order to identify or clarify the degree of the
uniformity of the stage in MSG.

When the correlation coefficient is estimated on the basis of
genotype classification without consideration of tassel maturities
and spikelet positions, a highly positive correlation is found
between the upper and lower flowers of the same spikelet in the
development of microspores of each of the 30 genotypes. The develop-
mental stage of the upper flower of each of the 30 genotypes can be
predicted from the observed stage of the lower flower of the same
spikelet by use of the regression equation of each genotype. The
method and the confidence interval of this prediction are described
and discussed.

The development of microspores in the upper flower, the lower
flower, and their time interval (U:L) are described and discussed, as
affected by certain factors such as genotype groups (GRP), genotypes
(v), tassel maturities (M), spikelet positions (P) and the interaction

of these factors.
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Microspores develop at a faster rate in the upper flower, as
compared with the lower flower when the tassel is young (maturities
1 and 2), but not as rapidly as in the lower flower when the tassel
is fully mature (maturity 4). As a consequence, the time interval
(U:L) separating the upper and lower flowers in microspore develop-
ment 1is short in tassel maturity 1 (2.27 days), longer in maturity 2
(4.62 days) and maturity 3 (4.47 days) and is the shortest in maturity
4 (1.79 days) for a genotype with a microsporogenesis period of
25 days. There is a tendency to shorten the time interval (U:L)
as soon as the tassel approaches maturity.,

The initiation of meiosis in the lower flower is late, within
a wide~-range time delay, resulting in a higher variation in the time
interval (U:L) or a lower correlation between upper and lower flowers
in microspore development during tassel maturity 1. This correlation
increases as the tassel maturity increases. It is expected that
the onset of meiosis of the upper flowers starts approximately 3 to
4 days earlier than it does in the lower flower of the same spikelet.
The lower flower sheds pollen approximately 2 days later than the
upper flower of the same spikelet.

The time interval (U:L) separating upper and lower flowers is
the shortest in the hybrids among five genotype groups, both during
microsporogenesis and anthesis. This suggests that a shortening
of the time interval (U:L) is a result of heterosis. The very long
time interval (U:L) of the Colombian varieties during microsporogenesis
and the long time interval (U:L) of Mexican varieties during anthesis

is an indication that the time interval (U:L) may serve as an indirect
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sign of the adaptability of a maize genotype. Wide variation in
the time interval (U:L) does exist among genotypes microsporogenesis
and in anthesis as well. Selection for a short time interval (U:L),
therefore, 1s possible.

In this study of 30 genotypes, the microsporogenesis period
from the onset of meiosis to anthesis is from 3 to 4 weeks.

Variation in the length of the microsporogenesis period is available
for selection for the short reproductive phase if a breeding program
of early maturity is required.

There is a longer time interval (U:L) separating pollen shedding
between the upper and lower flowers of the same spikelet among
tetraploids (2.43 days) and Mexican varieties (2.39 days) than among
inbreds (1.95 days) and hybrids (1.79 days). This time interval (U:L)
is longer in positions 3 (2.13 days) and 4 (2.22 days) than in positions
1 (1.94 days) and 2 (1.97 days).
in position 2, progressing upward to position 1
and downward to position 3 simultaneously, and finally appearing
in position 4 of a tassel. When all genotypes are considered, the
first pollen-shedding anther appears in position 2 (first day),

h day), then position 3 (2.20th day)

and finally, position 4 (3.55th day).

followed by position 1 (1.53°

Among the different positions of the same tassel maturity, there
is a positive relationship between the increment of microspore develop-
ment and the time interval (U:L).

The variation in the time interval (U:L) in anthesis and the

period of anthesis is mainly dependent on genotype variation.
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A striking effect of day-length on the lengthening of the time
interval (U:L) and period of anthesis may only be found in those
genotypes that shed pollen after August 21, 1975.

It was found that the time interval (U:L) that separates pollen
shedding during anthesis between two florets is parallel to the
time interval (U:L) that separates the development of microspores

between two florets during microsporogenesis.
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Table 9.1. Combined analysis of varilance for microspore development
of the upper flower over five genotype groups

Source d.f. Mean square _F
Block (B) 1 7.68 0.05
Group (GRP) 4 629.91 4,13%*
Variety (V)/GRP 25 239.15 1.57
Error (a) 29 152.47

Maturity (M) 3 260,002,10 2,106.58%*
GRP x M 12 592.14 4 .80%%
V x M/GRP 75 121.31 0.98
Error (b) 90 123,43

Position (P) 3 14,067.06 573.29%*
GRP x P 12 176.21 7.18%%
V x P/GRP 75 47.42 1.93%*
MxP 9 843.97 34.40%*
GRP x M x P 36 42,88 1.75%%
V x M x P/GRP 225 34,25 1.40%%
Error (c) 360 24,54

Total 959 932,07

%k
P<.01,
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Table 9.2. Combined analysis of variance for microspore development
of the lower flower over five genotype groups

Source d.f. Mean square F
Block (B) 1 84.97 0.48
Group (GRP) 4 3511.04 20.02%%
Variety (V)/GRP 25 194.76 1.11
Error (a) 29 175.38

Maturity (M) 3 289,233.72 1,427 .82%%
GRP x M 12 1,188.54 5.87%%
V x M/GRP 75 155.28 0.77
Error (b) 90 202.57

Position (P) 3 9,681.72 423,50%%
GRP x P 12 75.48 3.30%%
V x P/GRP 75 52,04 2,28%%
MxP 9 1,045.63 45,74%%
GRP x M x P 36 46.81 2,05%*
V x M x P/GRP 225 27.32 1.19
Error (c) 360 22.86 '
Total 959 1,037.80

%
* P<,01.
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Table 9.3. Combined analysis of variance in time interval (U:L)
between upper and lower flowers in microspore develop-
ment over five genotype groups

Source d.f. Mean square _F
Block (B) 1 41,55 1.33
Group (GRP) 4 1,265.38 40.45%*%
Variety/GRP 25 148.18 4, 74%%
Error (a) 29 31,28
Maturity (M) 3 8,268.52 149.86%*%
GRP x M 12 213.30 3.87%x%
V x M/GRP 75 57.99 1.05
Error (b) 90 55.18
Position (P) 3 505.01 27 J44%%
GRP x P 12 43.72 2,38%%
V x P/GRP 75 24.44 1.32%
MxP 9 820.68 44 ,59%%
GRP x M x P 36 38.97 2,12%%
V x M x P/GRP 225 28.24 1,53%%
Error (c) 360 18.40
Total 959 75.11

%*

P<.05.

doeke
P<.01.
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Table 9.4. Combined analysis of variance for correlation coefficients
between upper and lower flowers in microspore development
over five genotype groups

Source d.f. Mean square _F
Group (GRP) 4 0.604 6.62%%
V/GRP 25 0.078 <1.00
Maturity (M) 3 3.395 37.22%%
GRP x M

V x M/GRP [Exror(a)] 87 0.091

Position (P) 3 0.244 4 ,55%%
GRP x P 12 0.041 <1.00
V x P/GRP 75 0.051 - <1.00
Mx?P 9 0.39 7.35%%
GRP x Mx P

V x M x P/GRP [Error(b)] 261 0.054

Total 479

*
**p<.01.



Table 9.5. Analysis of variance in the rate of microspore development among inbreds in upper
flower (U), lower flower (L), and their time interval (U:L)

Upper flower (U) Lower flower (L) Time interval (U:L)
Source d.f. ms? F MS F MS F
Block (B) 1 26.23 0.25 157.41 1.26 55.12 1.97
Variety (V) 16 163.79 1.54 81.87 0.65 181.90 6.51%%
Error (a) 16 106.24 ok 125.00 27.96
Maturity (M) 3 152,728.15 1559.72 175,136.25 871.14**% 4,619.84 84.60%%
VM 48 120.89 1.23 135.81 0.68 50.48 0.92
Error (b) 51 97.92 201.04 54.61
Position (P) 3 6,191.64 277.65%*% 4,516.93 229.45%% 192.72 12,.53%*%
VxP 48 58.83 2.64%% 59.07 3.00%% 19.21 1.25
MxP 9 368.33 16.52%% 482.90 24 .53%% 378.69 24 ,63%*
VxMxP 144 34.36 1.54%% 27.72 1.41%% 25.42 1.65%%
Error (c) 204 22.30 19.69 15.38

6LC

aMS = mean square,

*%
P<.0l.



Table 9.6. Analysis of variance in the rate of microspore development among tetraploids in upper
flower (U), lower flower (L) and their time interval (U:L)

Upper flower (U) Lower flower (L) Time interval (U:L)
Source d.f. Ms? F MS F MS F
Block (B) 1 9.47 0.17 20.61 0.16 2.14 0.06
Variety (V) 2 197.30 3.58 322.56 1.80 24.90 0.66
Error (a) 2 55.14 178.72 37.72
Maturity (M) 3 27,965.24 239,.70%* 30,868.21 478.85%% 1,931.70 64 .93%%
VM 6 87.33 0.75 96.88 1.50 56.22 1.89
Error (b) 9 116.67 64.46 29.75
Position (P) 3 2,213.77 116.19%* 1,172.96 64 .54%% 181.69 8.91%*
VxP 6 20.33 1.07 21.53 1.18 29.77 1.46
Mx P 9 251.45 13.20%* 225.84 12.43%* 125.18 6.14*%%
VEXMXxP 18 19.43 1.02 15.40 0.85 23.01 1.13
Exrror (c) 36 19.05 ) 20.40

aMS = mean square,

%
*p<.01.
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Table 9.7.

Analysis of variance in the rate of microspore development among Mexican varieties

in upper flower (U), lower flower (L) and their time interval (U:L)

Upper flower (U)

Lower flower (L)

Time interval (U:L)

a

Source d.f. MS F MS F MS F
Block (B) 1 7.88 0.03 36.71 0.24 78.60 7.15
Variety (V) 3 717.80 3.06 548.59 3.63 96.90 8.81%
Error (a) 3 234,56 151.27 10.99
Maturity (M) 3 33,727.37 232,39%*% 37,643.23 144.11%% 976.59 17.48%%
VM 9 172.90 1.19 346.90 1.33 76.22 1.36
Error (b) 12 145.13 261.22 55.88
Position (P) 3 2,757.21 104.42%%  1,919.25 92.06%% 99.52 3.82%%
Vx?P 9 21.50 0.81 38.04 1.82 26.95 1.03
Mx P 9 137.37 5.20%*% 184.27 8.84%% 166.62 6.39%%
VXxMx?P 27 37.41 1.42 35.77 1.72% 30.86 1.18
Error {(c) 48 26.41 20.85 26.08

8MS = mean square.

%

P<,05.

*k
P<.0l.

18¢



Table 9.8. Analysis of variance in the rate of microspore development among Colombian varieties
in upper flower (U), lower flower (L) and their time interval (U:L)

Upper flower (U) Lower flower (L) Time interval (U:L)
Source d.£. ms? F MS F MS F
Block (B) 1 345.71 0.37 562.47 0.68 26.25 6.89
Variety (V) 1 694.02 0.73 1,118.93 1.35 50.50 13.25
Error (a) 1 945.09 828.87 3.81
Maturity (M) 3 8,154.07 47.23%%  6,488.66 50.71%% 168.63: 1.34
VM 3 61.02 0.35 223.89 1.75 212.34 1.69
Error (b) 6 172.63 127.97 125.60
Position (P) 3 1,791.21 33.44%* 839.48 18.49%* 182.09 5.38%*%
VP 3 21.46 0.40 78.29 1.75 149.62 4.42%%
Mx P 9 26.25 0.49 156.98 3.51%% 153.42 4 ,54%*
VxMXxP 9 82.43 1.54 18.19 0.41 83.74 2,48%
Error (c) 24 53.57 44.68 33.83

aMS = mean square,

*
P<.05,

o%
**p<.01.
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Table 9.9. Analysis of variance in the rate of microspore development among hybrids in upper
flower (U), lower flower (L) and their time interval (U:L)

Upper flower (U) Lower flower (L) Time interval (U:L)
Source d.f. ms? F MS F MS F
Block (B) 1 244,99 2.19 196.64 1.06 2.65 0.04
Variety (V) 3 38.70 0.35 49,80 0.27 134.34 1.79
Exrror (a) 3 112.04 185.70 74.82
Maturity (M) 3 39,815.82 208.85*%* 43,851.54 150.54%% 1,424.96 34.98%%
VxM 9 114.72 0.60 83.51 0.28 29.55 0.73
Exror (b) 12 190.64 291.29 40.73
Position (P) 3 1,818.05 83.50%* 1,535.00 49,56%% 23.88 1.66
Vx P 9 39.18 1.80 40.08 1.29 4.50 0.31
Mx P 9 232.27 10.66%* 182,90 5.90%x* 152.68 10.62%%
VxMx?P 27 24,27 1.11 27.73 0.90 25.66 1.78%
Error (c) 48 21.77 30.97 14.38

MS = mean square,

*

P<.05§
*%

P<001'

€8¢
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Table 9.10. The temperature (°F) during the period of MSG of 19742
' (uspc, 1974)

Date 1to 10 11 to 20 21 to 31
June A

max. 79.1 84.5 86.2

min, 57.4 56.2 58.8

average 68.3 70.4 72.5
July

max. 88.8 92.7 91.5

min, 65.9 68.7 66.1

average 77.4 80.7 78.8
August

max. 79.5 88.3 91.8

min, 59.6 62.7 64.4

average 69.6 75.5 71.0
September

max. 76.0 75.7 68.4

min, 52.3 52.3 45.4

average 64.2 64.0 56.9

8Station: Ames 8 WSW, Iowa.



Table 9.11. The temperature (temp.) (oF)a and day—lengthb during the period of anthesis of 1975
(Temperature: USDC, 1975)
(Day-length: List, 1971)

1 2 3 4 5 6 7 8 9
Temp. 1 Day-length 1 Temp. 2 Day-length 2 Temp. 3 Day-length 3
Date Op (p1) Date Of (D2) Date Op (D3)
Max. Min. h. m. Max. Min. h. m. Max. Min. h. m.
Aug. 14 77 56 13 56 Aug. 22 93 68 13 38
Aug. 6 83 55 14 14 15 81 57 23 93 70
7 83 52 16 81 57 24 93 72
8 92 55 17 82 58 13 49 25 92 59 13 38
9 92 65 14 08 18 80 53 26 76 51
10 88 63 » 19 83 62 27 77 55
11 85 63 20 87 65 28 77 63
12 91 61 21 93 69 13 38 29 80 63 13 17
13 88 62 13 59 30 80 58
31 78 55
Sept. 1 90 60 13 09
2 90 67

3 9 68 13 01

Average 87.8 59.5 83.0 59.6 85.3 62.2
Mean 73.7 14 07 71.3 13 48 73.8 13 21

3Station: Ames 8 WSW, Iowa.

bLatitude: 42°N.
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Table 9.12. Combined analysis of variance in anthesis over 4 genotype groups to test time
interval (U:L), sequence of anther dehiscence, and period of anthesis

Sequence of

Time interval (U:L) anther dehiscence Period of anthesis
Source d.f. ms? F MS F MS F
Block (B) 2 0.101 0.403 4.680
Group (GRP) 3 5.399 25.66%* 2.231 4.14%% 157.822 46.39%*
V/GRP 21 1.593 7.57%% 2.335 4.33%% 18.089 5.32%%
Error (a) 48 0.210 0.539 3.402 .
Position (P) 3 1.367 15.66%* 90.049 368.38%*% 0.013 1.00
GRP x P 9 0.139 1.60 0.540 2.21% 0.003 0.22
V x P/GRP 63 0.133 1.53% 0.894 3.66%% 0.015 1.11
Error (b) 150 0.087 0.244 0.013

aMS = mean square,

*
P<.05,

*%
P<.01,

98¢



Table 9.13. Analysis of variance in anthesis of inbreds to test the time interval (U:L),
sequence of anther dehiscence, and period of anthesis

Sequence of

Time interval (U:L) anther dehiscence Period of anthesis
Source a.f. ms? F MS F MS F
Block (B) 2 0.071 0.339 2.822
Variety (V) 14 1.982 21.55%% 1.401 3.86%x 21,451 6.50%%
Error (a) 28 0.092 0.363 3.298
Position (P) 3 0.517 7.16%% 47.770 260,57%% 0.022 1.00
VxP 42 0.159 2.21%% 0.695 3.79%% 0.022 0.51
Error (b) 90 0.072 0.183 0.022

3MS = mean square,

%k
P<.01,

L8C



Table 9.14. Analysis of variance in anthesis of tetraploids to test the time interval (U:L),
sequence of anther dehiscence, and period of anthesis

Sequence of

Time interval (U:L) anther dehiscence Period of anthesis
Source d.f. ms? F MS F MS F
Block (B) 2 1.150 1.583 8.444
Variety (V) 2 0.475 1.02 2.250 27.00%* 19,111 17.20%
Error (a) 4 0.466 0.083 1.111
Position (P) 3 0.415 5.33%% 11.185 63 .58%* 0
VP 6 0.128 1.63 0.546 3.11% 0
Error (b) 18 0.078 0.176

aMS = mean square,

*
P<.05,

*%
P<.01.

88¢C



Table 9.15. Analysis of variance in anthesis of Mexican varieties to test the time interval
(U:L), sequence of anther dehiscence, and period of anthesis

Time interval (U:L)

a

Sequence of

anther dehiscence

Period of anthesis

Source d.f. MS F MS F MS F
Block (B) 2 0.134 1.938 10.333

Variety (V) 3 0.647 1.33 6.750 8.76*%* 11.111 2.70
Error (a) 6 0.485 0.771 4.111

Position (P) 3 0.529 3.15% 22.750 42.55%% 0,000

Vx P 9 0.059 0.35 2.380 4.45%% 0,000

Error (b) 24 0.168 0.535 0.000

3MS = mean square.
*
P<.05.

k%
P<.01.

68¢



Table 9.16. Analysis of variance in anthesis of hybrids to test the time interval (U:L),
sequence of anther dehiscence, and period nf anthesis

Sequence of

Time interval (U:L) anther dehiscence Period of anthesis
Source d.f. Ms® F MS F MS F
Block (B) 2 0.043 1.083 0.000
Variety (V) 2 1.400 35.95*%*% 2,333 5.60 4.000 2.00
Error (a) 4 0.039 0.417 2.000
Position (P) 3 0.321 5.04%% 9,623 43, 04%% 0.000
vV P 6 0.069 1.07 0.407 1.76 0.000
Error (b) 18 0.064 0.231

M5 = mean square,

%k
P<.01.

062
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Table 9.17. Analysis of variance among 25 genotypes to test the
effect of day~-length (D) on the time interval (U:L)
and anthesis period

Time interval(U:L) Anthesis period
Source d.f. MS F MS F
Block (B) 2 0.344 0.78 0.468 0.11
Day-length (D)% 2 8.737 19.78%% 153,930 36.,22%%
Error 4 0.442 4,255
zb
R 0.22 0.32

aDay-length (D): See Table 9.11.

bR2 = coefficient of determination.

k¥
P<.01.



Table 9.18. Analysis of variance in anthesis to test the time interval (U:L) and the period of
anthesis among 25 genotypes flowering at 3 different day-length conditions

4. YA

1 2 3 4 5
Day-length Time interval (U:L) Period of anthesis
)2 Source d.f. MS F MS F
Block (B) 2 0.396 5.939
Variety (V) 10 1.872 6.94%% 26.206 10.06%*
1 Error (a) 20 0.270 2.606
Position (P) 3 0.577 7.52%% 0.000
Vx P 30 0.078 1.02 0.000
Exror (b) 66 0.077 0.000
Block (B) 2 0.142 2.583
Variety (V) 11 1.103 8.29%% 24,795 5.88%*
2 Exror (a) 22 0.133 4.220
Position (P) 3 0.458 4.83%% 0.278 1.00
VP 33 0.150 1.59% 0.278 1.00
Exror (b) 72 0.095 0.278
Block (B) 2 0.447 4.667
Variety (V) 1 1.307 256 .00%* 10.667 16.00%*
3 Error (a) 2 0.005 0.667
Position (P) 3 1.032 10.29%%* 0.000
VxP 3 0.085 0.84 0.000
Error (b) 12 0.100 0.000

%pay-length (D): See Table 9.11.
*p<.05.
**p<.0L.



Table 4.19. Analysis of variance in anthesis to test the time interval (U:L) and anthesis period
at day-length 1 and day-lemgth 2 conditions among inbreds

Day-length Time interval (U:L) Anthesis period
m? Source d.f. MS F MS F
Block (B) 2 0.038 5.600
Variety (V) 4 0.148 4 .54% 1.733 0.89
1 Error (a) 8 0.033 1.933
Position (P) 3 0.091 1.89 0
VP 12 0.045 0.93 0
Error (b) 30 0.048 0
Block (B) 2 0.071 3.370
Variety (V) 8 1.005 9,27%% 14.148 4.00
2 Error (a) 16 0.108 3.537
’ Position (P) 3 0.261 3.41% 0.037 1.00
VxP 24 0.171 2.24%% 0.037 1.00
Error (b) 54 0.076 0.037

aDay-length: See Table 9.11.
*P<.05.

*%
P<.01.
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